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ABSTEACT

\4uo systeas for remote measurements of the air-sea fluxes
of smomentum, sensible heat and wmoisture during moderate to
strong winds are described. One employs the dissipation method
and the other the Reynolds flux or eddy correlation method. A
modified Gill propeller-vane anemometer is the velocity sensor
and a method of resolving the vertical velocity component, that
accounts for the propeller's non-cosine behavior and avoids its
non~linear operating region, is derived. The dynamic responses

of the sensors are found froa nmeasurements in the actual

turbulent conditions of the flux measurements.

The results of an experiment on the Bedford tower, a stable
platform moored in 59m of water 10 km offshcre, are rresented.
Spectra, cospectra, turbulence statistics and transfer
coefficients are calculated from the Reynolds flux velocity and
temperature data and found +t0 be comparable to rpreviously
reported values. Simultaneous dissipation and Reynolds flux
estimates of both the momentum and sensible heat fluxes in up to

20 m/s winds are shown to be in excellent agreement.

Also presented are the results of a seccnd experiment where
the systems vere deployed on the wveathership CCGS Quadra. A
comparison of ship and tower drag coefficients from the
dissipation system, demonstrates that the Bedford tower |is
essentially an open ocean site. _The neatral drag coefficient,
CDN, is found, on average, to be nearly constant at t,14x10-3
for winds betveen 4 and 10 m/s and to increase almost linearly

to about 2.18x10-3 at 26 m/s. No variation with either fetch
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(greater than 10 km) or stability is observed. Dissipation
estinates of <the sensible heat flux from a vide range of
conditions are presented. The neutral transfer coefficient,
CTH, is found, on average, ¢to’' vary from about 0.69x10-3 in
stakle stratification to 1.08x10~3 in the unstable case. An
increase in CTY¥ with increasing vind speed is suggested by only

ione of the data.

Time series of the fluxes are used to investigate
additional sources of variation in the transfer coefficients.
Their statistical variability about a running mean is seen to be
about 10%. Evidence is presented that indicates that persistent
departures froa aie:age values are related to sea surface
conditions. CDN 1is observed to be significantly saaller, on
average, during rising winds than during falling wvinds or afte;

b

a change in wind direction.
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CHAPTER 1 INTRODUCTION

This thesis describes an experimental program designed to
measure the turbulent exchanges between the oren ocean and the
atposphere in moderate to strong (5-50 m/s) wvinds. Measurements
of the most important exchanges have been the snb&ect of recent
reviews, in vhich they are parameterized by non-dimensional
transfer coefficients. Recent determinaticns of the drag
coefficient, which is used to express the momentum flux in teras
of the square of the mean wind speed, have been revieved by
Garratt, 1977. The sensible heat and noisture fluxes are
parameterized by Friehe and Schmitt, 1976, in terms of the
surface - air temperature and humidity differences, respectively
and the mean wind speed. There are several obstacles that make
open ocean measurements in high winds difficult and that have,
therefore, restricted the majority to low winds and to near or
onshore platforms. The most common methods of obtaining the
fluxes, the Reynolds flux (or eddy correlation) and profile,
work best on stable platforms with minimal flow distortion, but
these conditions are not easy to satisfy during storms at sea.
Adverse conditions accompanying high winds, cause towers to
collapse and many sensors either to fail ccamrletely or to lose

their calibration.

The air-sea energy exchanges are involved in a number of
important processes, including the large scale circulations of
the ocean and atmosphere and, at smaller scales, thermocline

development and wave generation. By extending the existing Jdata

set to the open ocean and to higher wind speeds, this




2
experimental program should be relevant to the study of these

processes.

Bodelling and predicting large scale features require the
fluxes, wvhich are too difficult and costly to measure directly
on this scale, to be calculated from easily measured guantities
through parameterizations based on relatively fev direct
observations. Por this purpose, extension of the measured
transfer coefficients to 20 a/s ought to suffice, because higher
winds rarely contribute very amuch to the fluxes averaged over a
month or more (Pissel et 3l., 1977). A further extemsion to
about 25 m/s should clearly reveal any vind sgeed dependencies
of the coefficients. , At present there is an opinion that, in
vievw of the scatter, a constant drag coefficient up to about a
18 a/s wind speed is appropriate (Stewart, 1974), wvhile Smith
and Banke, 1975, and others find a significant increase with
vind speed. The average stress coaputed froa either type of
drag coefficient formulation should be nearly the same, because
the trend is, at most, small, but the curl of the wind stress
could be affected to a greater degree. The 1large anmount of
scatter, typical of turbulence neﬁsnrelents, suggests, that in
order to arrive at a reﬁ:csentative picture of the open sea, a
great deal of data froam all possible conditions are required.
With a large data set it wvould bDbe possible to examine the
effects of siahility, the vwvave field and other sources of
variability 1ilthd transfer coefficients apart ‘from the real

sfatiétical séaiﬁir ;hd iy#tcnatic 1nstrnl;ntation erICrS.
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Continuous records over a 1long period of time should
include a variety of local and short-lived phenomena, such as
frontal passages, for which a large scale parameterization may
not be applicable. 1In some cases it may be fossible to find
appropriate transfer coefficients and in others direct stress.
estimates may be the simpler approach. The capability to
operate in winds above 40 a/s should allow the entire time
histories (winds, temperatures and fluxes) of most storms ta be
followed. Such time series should be useful for <the

investigation of many small scale processes.

A modified Gill propeller-vane anemometer proved to be a
very suitable velocity sensor for this study. The momentum flux
and drag coefficient vere successfully measured in 26 m/s winds.
Temperature and humidity semsors wvere housed in protective
enclosures. The microbead therniétors were often broken by
spray and contaminated by salt, howvever they did survive some
high winds and heat transfer coefficients corresponding to large
fluxes were obtained. No useful humidity data were ever
recorded, because of the failure of several types of sensors.
For open sea work a ship is the most convenient platform and its
sotion and flow distortion can be tolerated by the dissipation
method of measuring fluxes (Pond and Large, 1978). This method
vas first tested on a stable offshore platform where its results
compared favourably to the Reynolds flux method. It wvas then
enployed on a ship, allowing open sea data toc be collected. 1In
order to gather as auch data as possible, the instrumentation
vas designed to record continuously for a month or more, while

operating remotely.




CHAPTER 2 EXISTING THEORY AND EXPERIMENTAL RESODLTS

2.1 Air-Sea Interaction

Exchanges between the atmosphere and ocean are most easily
measured in the atmospheric surface layer wvhere the transfer
processes are dominated by turbulence. Viscous and diffusive
molecular transfers are negligible in this layer, which begins a
few centimeters above the surface and extends up to a level
vhere the earth's rotation and the geostrophic pressure gradient
become important. Detailed treatments of the turbulent flow in
the layer may be found in Lumley and Panofsky, 1964, Monin and
Yaglom, 1965 and 1967, and Kraus, 1972. This chapter and Busch,
1977, are specifically concerned with the theory related to
turbulent £flux measurements and their interpretation. Here the
sensible heat flux and the momentum flux are tre;ted explicitly
and the ¢theory is also extended ¢to any passive atmospheric
scalar gquantity, R. Following Reynolds? convention, the
turbulent properties are partitioned into a mean ( < > denctes a
time average) and a fluctuation (lower case symbols). The
components of the instantaneous wind vector,'v = Ui#VikﬁI; vhere
?. ?} and X are unit vectors of an x-y-z coordinate system,
become =€0>+u, V=<¥>+v and W=<W>+v. The usunal orientation of
the axes puts'i vertically up and i along the mean horizontal
vind vector such that the mean cross-stream and vertical
components, <V> and <W>, are both 2zero (Burling and Stewart,
1967). Similarly any scalar field R becomes <R>+r (and the air
tesgerature T=<T>¢t and the air pressure P=<P>4p). By
definition <ud>, <v>, <w>, <t> and <r> are all zero.

PRy
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It is <the fluctuating vertical velocity which bodily
transports fluid properties up and down, giving rise to the

Reynolds fluxes defined by:

Momentua flux T & -e <uwd>
Sensible heat flux Hs = @ Cp <wt> - (2. 1)
any scalar flux Hr = <wr> ,

vhere e is the mean air density and Cp is the specific heat at
constant pressure. Since, <W>=<w>=0, the fluctuating gquantities
in 2.1 can be replaced by their instantaneous values U, T and R.
In this coordinate systea <vvw> should tend to zero with a long
enoubh averaging period, so T represents the total momentum
flux. Since it gives rise to a force in the direction of the
mean wvind on a unit area of underlying surface, L is also
referred to as the Reynolds stress. Hs is a turbulent heat
transfer (positive up). The moisture flux, also an important
air-sea exchange, is expressed by simply substituting absolute
humidity for R. Similarly gas fluxes such as carbon dioxide may
also be considered. Often the teras mosmentus flux and sensible

heat flux refer to the kinematic fluxes <uw> and <wt>.

The Reynolds fluxes arise in the equation of motion and in
scalar conservation equations vhere their surface values become
important boundary conditions for both the atmosphere and ocean.
In the eguation for <U> in the boundary 1layer, <the Corioglis
force due ¢to the cross-stream component, V, is, on average,
Zero. The equations for the mean flov and mean teaperature in

the surface layer, assuming horizontally homogenous turhulence
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(Busch, pp 74 and 75), but retaining terms with the largest mean

horizontal gradients, are:

) = 9T - 9
e_ggg X <p>

5!
<> <> _9<™ 3 (8 ED) 0 (2.2
< + + S ¢ = .
- x z @ Cp

vhere RT is the vertical heat transfer due to radiation. Rith
negligible horizontal pressure, horizontal temperature and
vertical radiative flux gradients and a steady mean state, the
turbulent fluxes are constant throughout the layer. It is then
possible to measure the surface fluxes above wave influences at
a convenient height, 2. However, awvay froa the surface,
rotation and the large scale horizontal gradients eventunally

become influential.

In steady flow, the measured stress, T (Z), is less than the
surface stress, Co. If the difference at a beight, hc, is 10%
(Lumley and Panofsky, 1964, arbitrarily use 20%), then the flow
below can be regarded as being a "constant flux" or "constant
stress" layer. Effectively, hc is taken to be the upper 1limit
of the atmospheric surface layer. 1In mid-latitudes winds above

the surface layer are governed by the geostrophic balance,
£ og = 1p d<p>/ on ,

vhere £ is the Coriolis parameter (about 1x10—¢ s-1), Ug is the

geostrophic wind and n is a horizontal coordinate perpendicular

to the Ug direction. Observations have shovn Ug to be about




1.3 <0> and about 16° to the right of the 1 direction (Deacon,
1973). Substituting, 3<P>/ dx ¥ sin 16° J<P>/ dn, into the
first of 2.2 yields,

ggt» s 133: ¢+ 1.3 £ <U> sin 16° .
t @ oz

In steady flow a 10% reduction is found when

-

0.1 = To = Ti x <U> sin 16° 2
_Lu_m ldq%/e_ o,

S0 he & 1__<aw> - ¥ 2790 seconds <ywd. (2. 3)
1.3 £ <U> sin 16° <0>

Neasurements over the sea at 10m bhave almost alvays shown
<uw>/<U> to average more than 10-3 <KU> (drag coefficient >
1x10—-3, Garratt, 1977), setting 14a as a lover liait of hc, when
<0>=5 a/s. In unsteady flow, 3<UD/ 3t can easily be the same
order of magnitude as (1.3 £ <U> sin 16°9) ¥ 0.13 <U> shour. On
the rising wind the acceieratiou is down the pressure gradient
and bhc rises, because a smaller stress gradient is sufficient to
balance é.z. Oon the falling wind the loss of flux with bheight
is enhanced by the deceleration and in this situtaion hc may be
considerably lover. These argusents are possibly good to a
factor of 2 despite the neglect of horizontal advection teras,
relative to d<P>/dx. They serve to point out that, with the
sase surface stress, the measured 10a stress may be greater on
the rising wind than during falling winds, when it could be less
than the surface stress by 5 to 10%.

- . id IRy R
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The height to which the sensible heat flux remains within

10% of its surface value is not obvious and it may sometimes be
below usual measurement heights. Since o<T>/dx is not sisply
related to the large scale pressure gradient, it is not possible
to scale the vertical divergence of Hs to a Coriolis term as vas
done for the Reynolds stress. Neglecting radiation, a 10%

change in Hs is found at a height hc given by
he = 0.1 <wt> (ST/bt)-r ,

vhere 8T is the change in temperature due to the vertical heat
flux divergence, during a time interval bt. Measurements over
the sea shov that <wt> is of order 10—-3 <KU> AT (Friehe and
Schaitt, 1976), vhere AT is the temperature difference between
the sea surface and atmosphere. To keep hc above 10m, with

<U> AT as low as 10 9Cm/s requires

6T/ 6t < 0.36 °C/hour,
vhich may not necessarily be satisfied. HWhen d<T>/3t over the
sea is large, presumably horizontal advection is the s®major
contributor with 6T/ 6t hopefully remaining small. When the
temperature is steady <U> d<T>/dx must balance OHs/dz in 2.2,
giving

hc = 10-¢ AT ( 9<T>/9x )-t

and implying that hc is only above 10a when the horizontal

e e
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tesperature gradient is rather small, less than 0.01 °C/ka for a
AT of 19C. A further complication arises during low winds when
infrared absorption by vater vapour say produce a radiative flux
divergence that tends to cause Hs to increase with height
(Busch, 1977). This effect enhances the positive flux gradient
vhen AT is negative, but reduces the loss of sensible heat flaux
wvith height vhen AT is positive. It will be assumed that 8Hs
anyvhere in the "constant stress"™ layer over a teaperate sea is
equivalent to the surface flux to wvithin the accuracy of the
seasurement. Hopefully, this assumption is true on average, but
verification would require a direct measureaent of Hs at two

levels.

2.2 Monin-Obukhov Similarity Theory

The understanding of the turbulent atmospheric surface
layer is largely due to Honin-Obukhov similarity theory (Momin
and Yaglom, p 425 ff). The theory assumes <that turbulent
characteristics depend only on a fev physical parameters, wvhich
facilitates the application of dimensional analysis. Above the
direct influence of the bottom boundary the important parameters
are the height (the only spatial variable left in the assumed
horizontally homogenous turbulence), the air density, the
turbulent transports: and the stability of the air column. The
supposed height independence of the fluxes naturally 1leads to
the following scales vhich incorporate the transports through

the layer and the density:
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friction velocity u* = (Ib/e)#z = (=<uwd] Y2
temperature scale t* = =<wtd>/ Ku¥* (2. 4)

scalar scale T* = =<wr>/ Ku* ,

vhere von Karman's constant, K, is included to simplify 1later

equations, but other scales

T* = =<wt> / u*

and R* = «<wrd> / u¥

are sometimes used. An appropriate stability rparaseter, Z/l, is
obtained from the ratio of the convective or buoyant turhbulent
kinetic energy, B, produced in a non-neutral air column, to the
purely mechanical production in the equivalent neutral case, Po.

It will be seen in section 2.5, that ~
B = g <vw Tv> / To and Po = ux3¥/ KZ , (2.5)

wvhere Tv, +the virtual temperature in degrees Kelvin, accounts
for the fluctuating temperature and moisture contributions to
the fluctuating density, g is gravitational acceleration and To
is the local average virtual temperature. The inmnportaat scale
is the Monin-Obukhov length, L, whose magnitude gives the height

at which Po = B}, thus

-z = B_ and L = _-u*3_To .
L Bo K g <wv Tv> {2.6)

In neutral stratification <w Tv> and 2/L go to zero while L
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approaches infinity and the sign is chosen to make 1L and 2/L
positive in stable conditions. Dimensional analysis predicts
that all turbulent functions non~dimensionalized by 2, u®*, «r*
and L should be functions of the only possible dimensicnless
group, Z/L. BNote that each additional scalar adds both a scale
and a dimension to the problem. Use of spectra introduces a
frequency, £, wsaking a <further dimensionless group, £Z/u¥*,
possible, but because of the difficulty in obtaining u* the
dimensionless natural frequency =n = £2/<0> is usvally
substituted. Norzalized spectra and cospectra can be regarded
as non-dimensional turbulent functions and therefore shculd be
functions of both n and 2/, whereas their integrals such as
(ou) 2 = <u2> and (ot)2 = <t2> should depend only on 2/L. Hith
the important parameters coammon to all surface layer flows, the
structure of the turbulence, according to this theory, =must
alvays be "similar®, with any dependencies cn Z/L and a being

universally applicable.

An important consequence of similarity theory is the
logarithaic profile of the mean wvwind and mean scalars.

Dimensional considerations lead directly to the forms:

Kz_ g<i> = $a(z/1)
a* 4
3 " (2.7)
and = r(z/1) ,
z_asznz

T*

vhere von Karman's constant sets $a=1 at neutral stability and
has already been included in the definition of r* so that

$r(0)=1. MNeasured values of X vary betveen about 0.35 and 0.82
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(Busch, 1977), so at least a 5% error im its customary value of
0.40 must be allowed. In a review of flux-profile
relationships, Dyer, 1974, suggests that the best forms of the

universal functions are

0 < z/L < 0.2: ¢ =9 = 1+ 5 2/L
“1.0< Z/L < 0 : $m = (1 ~ 16 Z/L)~1t/*
$r = (1 - 16 2/L)=V2 ,

vhere the unstable case is the Businger-Dyer representation
provided by Dyer and Hicks, 1970. The mean values at a height

Z, UZ and RZ, are found by integrating 2.7, (Paulson, 1570),

Uz

(u*/ K) e [1n(2/2Z0) - YR(2/L) ]
BZ = RSFC # r* [1n(Z/2Z0r) - ¥YE(2,L) ], (2.8)

zN
vhere e/ = _fo (1-¢® 1/ aE

stable: VYa(z/1) = Y£(z/1) = -5 Z/L

unstable: ¥m(2Z/1) = 2 1a[ (1+X) /2] + 1n[ (1+X2) /2 ]

»

- 2 tan—tX ¢+ /2

A

Yt (2/1) 2 1n[ (1+X2) /2]

L3

vith = (1-16 2/L)% .

At neutral stability the integral vanishes, leaving {0)=0.

The constants of integration Zo and Zor, assumed to be much
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spaller than Z, are the roughness lengths, which fully describe
the surface as "seen" by the turbulence, but they are not simply
related to sea surface parameters such as wvave height and
teagerature. They need <o be 3included in <the dimensional
analysis only near the surface vhere they set the magnitude, but

not the structure, of the turbulence throughout the layer.

2.3 Bulk Aerodynamic Parameterizations

The fluxes are pafaleteriznd in terms of the mean wind, the
sea surface-air temperature difference and ,6 surface-air mean

scalar difference, AR, with the bulk aerodynénic foraulae:

'Z?Q = u*2z = =<uw> =. CD <U>2
BHS/QCp =~ K u* t* = <wt> = CT <U> aT (2.9)

Bt = =K u®* ¥ = <wr> = CBR <U0> 4R,

vith AT=TSCP-T2 and AR=RSFC~-RZ, vhere TSFC and RSPC are the mean
surface teamperature and scalar values, respectively. The
non-dimensional <transfer coefficients CD and CT are the drag
coefficient and Stanton nusmber vhile ¢the <corresponding
coefficient of smoisture <traasport, ci. is the Dalton number.
Their depondoncé 6n stability, ionghness and height is evident
froms 2.8, but 20 over the sea has a coaplicated functional fora
(Burling and Stevart, 1967). Bovcver. they can also be
dctorlinod oxperilontallx tton 2.9 using seasured fluxes and
hulk gnantities and snch calcnlntod coefticiont: provide a

CRSPUP R SO PG NN LTI T GRS e e I TS,
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convenient wmeans of coaparing flux measurements. To eliminate

the variation with height they are commonly evaluated at 10a as:

C10 = -<uw> / (U10)2
CT10 = <wt> / [U10 (TSFC-T10) ] (2.10)
CR10 = <wr> / [U10 (BRSFC-R10) ] .

Equation 2.8 shows the wind speed, temperature and scalar means

at 10m (U010, T10 and R10) to be:

U10 = 02 -(u*/ K)[1n(2/10m) - ¥R (Z/L) + ¥R(10m/L) ]
T10 = TZ - t* [1n(Z2/10m) - YE(Z/1) ¢+ Y& (10m/L)] (2.11)
R10 = RZ - r* [1n(Z2/10m) - YT (Z/L) + Y& (10a/1l)] .

For comparative purposes it is convenient to eliminate the
stability dependence by evaluating the roughness 1lengths froa
2.8 and using them to find the coefficients in the equivalent

neutral case at 10m from:

CDN = K2 / [1n(10m/Zo) ]2
CIN = K2 / [1n(10m/Z0t) e 1n(10ma/20) ] (2. 12)
CRN =

K2 / [1ln(10m/Z0or) o 1ln(10m/Z0) ] .

The neutral coefficients should be constants over
homogeneous terrain where the roughness lengths can be regarded
as constant. This prediction has been verified over land vhere
Zo, for example, is exclusively deterained by topography and

vegetation. It is not unreasonable to expect this cconcept to

PG
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vork even better over the sea vhere there is only one type of
surface. Howvever, direct measurements, reviewed by Garratt
(1977) are very scattered and indicate that the neutral drag
coefficient varies with wind speed and is much smaller than that
found over land. This result implies that there are additional
isportant parameters determining the roughness of the sea
surface. An obvious difference betveen a land and sea boundary
is surface gravity wvaves, so it seems appropriate to add the
acceleration due to gravity, g, to the problem. This leads to

the Charnock (1955) dimensionless group for flow near the waves,
Zo g / u¥2 = o< (2.13)

vhere «<=0,0144 is suggested by Garratt (1977). Stewart, 1974,
notes that for winds below 10 m/s the Charncck representation
with o< constant predicts a more rapid increase in CD¥ with wind
speed <than is indicated by +the results of Brocks and
Kriggermeyer (1970) and this feature is also ¢present in
Garratt'’s review. It appears, therefore, that more surface
parameters nay be important to this aspect of turbulent flow.
Stevart discusses the possidble roles of surface temsion
(capillary waves), the length and phase speed of the longest
excited waves, the wvave slope and <the total wind generation
force which is proportional to (vind speed -~ vave speed).
Kitaigorodskii and Zaslavskii, 1974, consider the phase speed of
the dominant wvave and a purely viscous aomentum flux, Burling
and Stewvart, 1967, examine the implications of dependency on

various moments of the vave spectrua. With the roughness

o L.
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lengths possibly depending on many parameters it appears that a
rather detailed knowledge of the sea surface would be required
before the turbulent fluxes over the sea could be found froa Zo

and Zor.

The parameterizations can also be regarded as espirical
formulae. An experimental foramulation of the neutral
coefficients at 10m, 2.12, for example, vould allow the fluxes
to be estimated from mean or bulk quantities, U2, TZ and TSFC
(AT = TSFC~-TZ), with 2/L, if known, providing a stability

correction.

The nmomentunm flux can be found from 2.9 by finding the drag
coefficient at the measurement bheight, Z, the wind speed, UZ,
and the stability, Z/L, from CDN. Elimipation of Zo from 2.12

and 2.8 and substitution into 2.9 leaves,
CD = CDN {1+ CDN¥2 K-t (1ln(2/10m)-¥m(2/L))}-2, (2. 14)

vhere 1n(2/10m) and¥m(2/L) describe the variation of the drag
coefficient with height and stability, respectively. 1If CDN is
’ given as a function of the 10m wind, then UZ must first be
shifted to 10m before a drag coefficient can be determined.
Substituting u*/0Z = CD¥2 = C10¥2 U10/UZ, into 2.11 and solving

for UZ/010 leaves,
UZ/010 = 1+ C10%2 K-1 [1n(2/10m)- Y& (2/L)+ Ya(10w/L) ).

The teram in square brackets, K(Z,2/L), is usually doaminated by
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ln(Z/10m), vwhick, with C10¥2/ K &% 0.1, wmakes U10 about 10%
larger or smaller than UZ for a Z of 3.7 and 27a, respectively.
Throughout this height range neglect of the stability portiom of
K(Z,2/L) introduces an error in U010 of less <than 2% for =1.0
<2/1< 0.08, hovever at Z=27m it decreases U10 by about an
additional 6% with Z/L=0.2 and 3% at 2/L=0.1, so it is not
ignored. C10 is equivalent to CD at Z=10m, so 2.14 gives

C10%¥2 = CDNY2 {1 - K=~1 CDNVZ2 ¥a(10m/L)}-1 .

Since Ya(10a/L) ranges from about 1 at Z/L= -1 to about -1 at
Z/1=0.2, taking the term in curly brackets to be !.0 introduces
an error of only 1% in U010, which is within usual méasurement

error, vhen it is calculated from UZ, CDN and 2/l using
10 ¥ 0z [1 » CDRY2 K-t K(z2,2/1) It {2. 15)

Should CDN itself depend on U010, 2.15 may have to be solved with

an iterative technigue.

1f the stability is in the range -1.0 <K2/1< 0.2, but is
unknown and assumed to be neutral, errors arise from an
inapcu:ate U10, in f£inding CDN from U110 and <through 2.14,
because CDN is not shifted to the proper stability. The total
error in 010's found from 2.15 should be less than 10%. Saith
and Banke, 1975, report a drag coefficient equal to 0.00061 «
0.000075 U010, so a 10% error in U110 at 20 a/s, reduces to 7% in
CDY and the womentum £lux, vwhich is 1less than the error

associated with direct measuresents. With Y8(Z/1) ranging froa
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1.0 to -1.0, taking it to be zero could lead to a 20% error in
the acpmentum flux. Only in the range ~0.25 <Z2/L< 0.1 does the

total error in assaming neutral stability remain less than 10%.

If CD and CDN are available, the analogous procedure can be {

followed to find the sensible heat flux from TZ, TSFC, and 0Z,

using 2.9. The Stanton number, CT, is expressed as a fubnction
of CTN, CDN, CD, and 2/1L, by elininating Zo and Zot from 2.12 ;

and 2.8, then substituting into 2.9:

CT = CTN {CD/CDN) ¥2 . '
{ 1¢CTN K-1 CDN-%2 (1n(Z/V0m)-¥% (2/L1)) ] (2. 16) :

The major error comes from the uncertainty in CTN. The errors ¥
in CDN and CD due to U110 cancel in (CD/CDN) and a 10% errcr in
CDN and CTN introduces a 2% error . in the denoainator. Since
Y%(2/1) is not very different from ¥a(Z/L), assuming neutral
stability causes about the same error in CT as in CD. However, A
this assumption is never needed, because a means of estimating

Z/L from UZ and AT, which are required in 2.9, is developed in

section 2.6. The uncertainty of this estipate (section 4.2) ,W

should result in about a 5% error in CT and CD.

The sensible heat flux is sometimes paraneterized as

<wt> = a U10 (TSFC-T10) + b ,

vhere a and b are experimentally deteramined  functioms of
stability and wind speed. The air temperature at 10a, T10, can

be found as follows; from 2.11
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TZ - T10 = t* [1n(Z/10m)~ ¥E(2/L) + YA (10m/L) ] ,

vhere the ters in sguare brackets, to be denoted as Kt(2,Z/1l),
behaves as K(Z,Z/L) and the stability contribution can again be
ignored in near neutral conditions. Substituting for t* using

2.9 gives

T10 = TZ ¢ (CT/CDY2) K-1 (TSPC-TZ) Kt(Z,Z/L). (2.17)

2.4 The Reynolds Plux Method

The Reynolds flux or eddy correlation method is the most
direct measurement of the fluzes and has ?een esployed over the
sea by Pond et al., 1971, Hicks, 1972, Smith and Banke, 1975,
and others. It involves integrating the cospectra of w and
either uw or r to obtain the covariances and hence fluxes. The

spectral foras of the covariances are:

<uwd = _j*uw(f) at
<ut> = fowr(f) at (2.18)
<ur> = [éur(f) at.

In practice the cospectra are detersined by digital fast PFourier
transfors techniques, vhich give discrete values of f(f) at
intervals of £ such that $(f) Af gives the covariance in a band
centered at f of width Af. The highest freguency computed, <the

Syquist frequency, f£ny, is set by the digitization period at:




(Eny=1/24at). Contributions from higher frequencies can be

alloved ¢to alias back below f£fny so that the effective upper
limit of the integration is increased ( to about 2 £fny in the
system described in section 3.3). The contributicns to the
covariances from natural frequencies, n=£fZ/<U0>, greater than 1
are only a few per cent of the total. W®With 20 »/s wiands,
measurenents at 10 m will therefore include most of the high
frequency contributions if at is no longer tham 2/<U>, about 0.5
seconds. The lowest calculated freguency, £1, is the reciprocal
of +the duration of the measurement and f(f1) includes the
covariance down to £1 /2. Some cospectra are still nomn-zero at
n=0.001, so in order to be able to measure fluxes in 5 m/s wvwinds
at 10 a the samples must be taken for about Z/(0.002<U>) ¥ 1000
seconds or about 15 minutes. Hovever $(£1) is not a
statistically well determined quantity and in practice at least
3 sequential determinations need to be averaged, requiring the

duration of a flux run to be at least 45 minutes.

Unfortunately, measurements cannot be extended to more than
about 1 hour because stationarity begins to be lost as a new
flov situation develops. The lov frequency contributions to the
fluxes are often not well established by the Reynolds flux
method. It is also clear that another disadvantage to this
method is the large amount of data required. For exanple, a
single <uw> estimate from a 45 minute run with at=0.5 seconds
requires about five thousand digitizations of each variable. Of
course the spectra of the measured guantities may also be found-

from the same data and are often a great advantage in checking

sensor performance. The sensitivity of the Reynolds flux amethod
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to instrument orientation is a great handicap on ships and
buoys, vhose aotion ‘and mean tilt effect the nmeasured
covariances. L\ one degree error in the &xean ¢tilt c¢f an
anemoseter asay induce errors in <uw> in the order of 10% (Pond,
1968) . It is possible to Bmeasure the instantaneous platfora
sotion and to correct the velocities point by point (Mitsuta and
Fujitani, 1974), but this greatly increases the recording
requirements and is not a very practical nmeans of obtaining

large aasounts of open sea flux measurements.

The Reynolds flux sethod is not very applicable to remote
open sea operation, but it has become the standard to which
other methods are compared either directly or through the

calculated transfer coefficients.

2.5 The Dissipation Method

Polloving Deacon's, 1959, suggestion the dissipation method
has been eamployed in open sea conditions by Pend ¢t al., 1971,
Wuocknitz, 1976, Denman and Niyake, 1973, and others. It is a
very attractive method because it does not inyclve an expglicit
peasurement of the vertical velocity, allowing moving platforas
to be used and reducing measuresent errors. In addition, f{gv
distortions <that wvould hinder covariance measureaents, can be
tolerated. Instead, the major sources of error arise in the
uncertainty of various <constants and in the necessary

assuaptions. In the cited studies its results bave been

]
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compared to direct Reynolds flux measurements up to moderate
vinds, but further comparison at high wind speeds is still

necessarye.

In the case of the momentum flux the msethod stems from a
consideration of the balance of <turbulent kinetic energy per
unit wmass, e = (u2 ¢+ v2 ¢ w2)/2, in horizontally homogeneous

flow (Busch, 1977),

g<e> = u*2 KU> + g <H_TV> - € - _J [<ved> + 1 <wp>)
ot z To oz e

P + B - €~ D, (2.19)

wvhere Tv is the virtual temperature in degrees Kelvin and To its
local average and p is the fluctuating pressure. Turbulent
fluctuations are chiefly produced by mechanical interactions of
the Reynolds stress with the mean flow represented by the first
term, P=u*2 J<U>/9Z and lost at small scales to molecular

dissipation, €. From Lumley and Panofsky, 1964 p95, B is

recognizable as the loss or gain due to buoyancy referred to in

section 2.2. D is the sum of <two vertical divergences: the
first, of the ;urbulent kinetic energy flux <we> and the second,
of the work done per unit area by the fluctuating pressure,
<wp>/p. These are referred to as the turbulent and pressure
transports of kinetic energy, respectively. The complete
divergence term has been investigated by MNcBean and Elliot,
1975. 1In this work <we> and <wp> vere measured over land at one
height for a range of 2/L values. A fit between -0.31 <K2/1<

0. 12 gave
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<'P> / (e ll*’) = 2.3 2/1- - 0020 -

Their <ved> results vere plotted with those of Garratt, 1972, and
Banke and Smith, 1973, In view of the scatter it is not

unreasonable to assume a relation
<we> / u*3 =¥ -=2,3 2/L + constant.

Extensive measurements over land of the turbulent transport tera
have been made by Wyngaard and Coté, 1971, over a vider range of

stabilities. In unstable conditions their results camn be

. expressed as

<we> / u*3 = =2.5 Z2/L <+ constant.

The combined experimental evidence in the range -1 <&Z/L< 0.1

suggests that to a very good approximation
<we> + <vp>/e ¥ a constant

Differentiation by z implies that on average, the kinetic emergy
gained throughk pressure transport nearly balances that lost by
turbulent transport, that is, D=0. Wyngaard and Coté also
conclude that the effects of horizontal inhomogeneities and
non-stationarity are negligible by more <than two orders of

magnitude, that is, d<ed>/dt ¥ 0.
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Combining 2.6 and the profile equations, 2.7, with the

remaining terms in 2.19 results in the simple set of equaticnms:

P = (u*3 7/ K2Z) $m(2/1) = Po $m(2/1)
B = =-(u*3 / K2) z/L = =Po Z/L
€ = Po [fm(z/1) - 2/1]

vhere Po, introduced in section 2.2, is the mechanical
production in the equivalent neutral case. Thus u* can be

simply expressed as a function of € and Z/L:

u*3 = K 2 € /7 [fm(2/L) - Z/L] . (2. 20)

In a similar fashion the problem of evaluating r* and the
scalar fluxes <can be simplified to finding u* and the
dissipation rate of scalar fluctuations, Nr. The analogue of

2.19 is the simpler scalar variance budget, (Busch, 1977),

1 Kr2z> = -<wr> 9<R> - HNr - 1 oKwr2> .
2 ot oz 2 o0z (2. 21)

The study of Wyngaard and Coté (1971) investigates this equation
thoroughly for temperature. The vertical divergence term turns
out to be an order of magnitude smaller than the prodaction tera
and the time rate of change and inhomogeneities are again

negligible. Substituting for O<R>/0z from 2.7 gives the

straightforvard relationship




r#2 = Nr 2z / [K u* $r(z/L)] . (2.22)

Direct measureaents of € and Nr are difficult because they
involve centimeter scales (fregquencies well beyond 100 HZ).
Hovever, they can be inferred from the spectra of <+the scalars,
$r(f), and downstreaa velocity, Pu(f), at frequencies, £, in the

=5/3 region where the Kolmogoroff hypothesis ptédicts

$u(f) = K' €28 (2/<U>)-P  £-53
$r(f) = Br' Nr €-Y3 (2m/<D>)~-23 f~53 , (2.23)

vhere Taylor's hypothesis is used to replace the dovnstrean
radian wavenumber with (27w £/4€0>). The form of these equations
is also based on dimensional apalysis so the t-dimensional
Kolmogoroff constants K' and Br' may be functioas of stability,
but they are not, as yet, well enough established for any
dependency to be observable. Reasonable values are K' = 0.55
and Brt* = 0.80 for both temperature and moisture (Pagquin and
Pond, 1971 and Busch, 1977), with a possible 10% ‘error. In
terms of the npatural frequency, n=fZ/<0>, the -5/3 region has
been found to be vell developed by 'n-1 so +that dissipation
estinates may be obtained from relatively low frequencies (about

2 Hz, for 20 a/s wipds at 10m height).

Several sethods of calculating the m=momentum flux from
neasureasents of € and Z/1L are feasible. The simplest, method 1,

used by Denman and Miyake, 1973, is to eaploy the neutral forn

of 2.20
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<uwdDISSY = (K Z € )28 ., (2. 24)

This equation is also valid in non-neutral conditions providing
there is an overall balance between the vertical divergences,
the buoyant production and the stability modification of the
mechanical production. The experimental evidence over land
suggests that the conmplete form of 2.20 should be tested over
the sea. Method 2, therefore, assumes only that the vertical
divergences balance and uses

<uw>DISS2 (K2 € )23 e ($n(Z/L) - Z/L)~2B  (2.25)

L]

This. is the method used by Khalsa and Businger, 1978, and by
Wucknitz, 1976, but <%the latter uses a Richardson number
formulation and the former assume a balance, following Wyngaard
and Coté, of buoyancy and turbulent transport with a [fressure
transport of order -Z/L to arrive at 2.25. It has often been
assunmed that local production, P, balances dissipation (Saith
and Banke, 1975), 4implying an overall balance between the two
divergences and buoyancy. This is the assumption of method 3,
vhich states

<uw>DISS3 (K2 €e)2 o [$m(2/1) )28 . (2.26)

Pond et al., 1971, found that in wunstable conditions the
momentum flux from the dissipation and Reynolds flux wmethods
vere in the best agreement if they assumed that the reduction in

mechanical production due to stability modification of the
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profile was compensated by the net gain in turbulent energy from
vertical divergences, that is, € = Po ¢+ B. This fourth sethod

is expressed by

<uwdDISS4 = (K Z € )28 o (1 - zZ/L)-28, (2.27)

The general expression of the four dissipation methods is

<awdDISS = (K Z € )23 e PX
Method ¥ P1 = 1%

Method 2 F¥2 = [%m(Z/L) - Z/LI}-2B ) (2. 28)
Method 3 P3 = [¥m(2/L) ]-%¥
Method 4 F4 = [1 - Z/L 2B,

The <functions, FX, are plotted in figure 1 over the range of
stabilities 1likely to be encountered over the sea at
pid-latitudes. It is apparent that a reasonable measure of
stability is important to all but method 1, ‘Any one of the
nethods may be valid over an individual run, but over any
stability range there should be one dissipation method that is

the most appropriate, on average.

BEquations 2.23 and 2.28 indicate that <uw> from all the

dissipation methods is proportional to

[ K 2] Kv=1  ($u(f) <u>-2B), (2. 29)

Even with no error in the measurement of f$u(f) and <U>, the

uncertainties in X, 5%, in the measurement height Z, say 0.5a in
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10m and in X', 10%, could coabine to produce a 15% error in
<uv>. These errors and assuaption errors are 1likely ¢to be
somevhat systematic, but fortunately they are not the same in
the Beynolds flux method. 1Intercomparisons with Reynolds flux
measureaents are therefore essential, in order to establish the
®best" dissipation method and to ensure that there are no major

systematic errors.

There are fewver ways of "juggling" the terms of 2.21 to
arrive at ¥Nt, and only twvo methods of calculating the sensible
heat flux are practical. At neutral stability and when the
vertical divergence tera is balanced by stability modification

of the temperature profile, method 1, gives
<wt>DISS1 = [ K u* Nt Z]¥2 , (2.30)

Again the experimental evidence over land suggests using 2.22

fros which method 2 assumes
KWtDDISS2 = [ K u* Nt 2] e [$t(2/1) 2.  (2.31)
The general fora of calculating the sensible heat flux is simply
<wtd>DISS = [ K a* Nt Z]¥2 e ©PX
Nethod 1 P1 = 1.0 ' (2.32)

NBethod 2 P2 = [$t(2/L) I .

P1 and P2 ate sﬁovn in gfigure 2. The  @wethods differ

considerably even near neutral stability, therefore, the "hest"
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method should be easy to establish, depending on the accaracy of
the stability measurements, since method 2 is sensitive to

errors in z/1L.

Equations 2.32, 2.23 and 2.20 indicate that <wt> froa both

dissipation methods is proportional to

K_z)2B [ft $ulV2 <O>-23 . (2.33)
(st v T

Again uncertainty in X, 2 and the Kolmogoroff constants together
could produce a 15% error im <vt>DISS. However, it should be
possible to substantially reduce systematic errors through

Beynolds flux intercomparisons.

2.6 Estivating The Stability Parameter Z/L

In section 2.2, the stability of the air column is
characterized by a stability parameter, Z/L, vwhich plays a
fundamental role in the theory and wmeasuresent of turbulence.
Unfortunately, it is difficult to obtain with 2.6, so three
means of estimating it from incomplete data will now be

investigated. The complete expression froa 2.6 is,

%"’5.19 <y 1y .

u*3d To

Ty and’ To, the instantaneous and local average virtual

teaperatures, are defined as the temperatures regquired to give
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dry air the same density as actual nmoist air at the same

pressure. Lumley and Panofsky, 1964, show that;

Te € T (1 + 0.611m),
vhere Tv and the air temperature, T, are in degrees Kelvin and =2
is specific humidity. Lumley and Panofsky (p 96) also
approximate the virtual temperature flux by

<w Tv> ¥ <wt> ¢+ 0.61 TZ <wm>,
vhere TZ is the mean air temperature at the height 2. The

conversion to absolute humidity, Q, in g/m3, is accomplished

vith (Phelps, 1971),

n

1298 (2739K / To) n

n

so Tv T [1+ToQ 1.72 x 10-6] ,
Over temperate seas at Z more than about 10m there is not a
large temperature gradient and the virtual and air temperatures

differ by less than 2%, making

To =<KTv> = TZ + T22 (QZ 1.72 x 10-¢
Z 2 K Zg <Swut> e [1+ To2 1.72x10~6 <wQ>]
L u*3 To <wtd> (2.34)

reasonable approximations.
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Over temperate seas the moisture content of the atmosphere

and the atmostheric pressure, affect the air demnsity by about 1%
and 5% respectively. Por dynamic flux calculations, it is
enough to only include the atmospheric pressure, PA in kPa, by

calculating the density from

e = 1.29 (273/TZ) (PAa/101) . (2.35)

Very often the absolute humidity and moisture flux, <wQ>,
are unknown and Z/L nmust be approximated froa ameasurements of
u*, <wt> and the mean air and surface temperatures. The ratio
of sensible heat flux to latent heat flux, the Bowen ratio, G,

can be used to give

<wg> = e_gg E 0.534 (2737 72)
<utd> LG 8

in g/a3/9C, vhere the pressure and amoisture effects on the
density have been neglected. Phelps and Pond, 1971, report a
value of 0.28 for G from their San Diego results. Subkstitutiang

into 2.38 gives

2 ¥ -K249g <yt> e [1 + 0.001 To],
L u*3 To

which shows that <the moisture flux amay contribute about

one~third as much to the stability as does the sensible heat

fluzx.
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An in situ Boven ratio can be estimated frcm the bulk

aerodynanmic parameterizations, section 2.3, viz:

G = pCp <wt> ¥ pCp <U>CT oT.
1T <wo> <0> CE 20

The Stanton number, CT, and Dalton number, CE, have sometimes
been found to be nearly equivalent (Pond et al., 1971), but
Francey and Garratt, 1978, find CT to be 30% lower thanm CE.
Because <the humidity is not the major contributor to Z,/L and
because of the large error inm 4Q, CE and CT will be assumed
equal. The saturation humidity as a function of temperature, is

given by Hertzman et al., 1974, as

QSAT(T) = CV exp(C2/ T)

with C1 = 6.4038 x 10 and C2 = -5107.4. This expression is a
fit to a table of saturation humidities over pure water at
various temperatures so that the surface humidity over salt
water, QSFC, is 0.98 QSAT(TSFC). In order to reduce systematic
errors, a relative humidity of 75% will be assumed, which is in
the middle of the humidity range expected over temperate seas.,
Since humidity contributes only about 30% to 2Z/L, this
assumption should introduce a random error im Z/L of about 20%
at worst and usually of less than 10%. The sea-air huaidity
difference, AQ, and hence a Bowen ratio, can nov be <found from

TSFC and T2 using

G(aT) = (p Cp/L) AT [0.98 QSAT(TSFC) -0.75 QSAT(TZ) ]-1.
R
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Substituting into 2.34 estimates Z/L from u*, <wt>, TZ and TSFC:

Zus,qutd) § - K Z g gutd e [1+ Tg 2.5510-)
L u*3 To G (aT) (2. 36)

In cases wvhere <wt> is also unknown, bulk parameterization

replaces it with CT 0Z AT. The reviev by Priehe and Schaitt,
1978, indicates that CcT is about 1x10-3 in unstable
_ stratification and about 0.86x10~3 in statle. Therefore, a

simpler estimate of Z/L is given by

Z/L(u*,aT) £ - K Z g CT UZ AT [1 + To_2.5x10-*].
u*3 '!.‘ G (AT)
(2.37)

Following Deardorff, 1968, the bulk formula, 2.9, replaces
u*3 with CD¥ U23 so that a stability parameter Z/L(aT) can be
detersined soley from the bulk parameters, UZ, TZ, and TSFC. & 4

portion of the Z/L expression is identified as a bulk Richardson

number k
BGT) =g L4 (1% To Z3l0-e], i
G (aT)

so Z/L(sT) ¥ K CT ______ Ri(ar) .

CD CDW¥

A reasonable average CD is 1.25 x 10~-3 (Garratt, 1977), so

~F

Z/L(AT) = 11 Ri(AT) (CT/ CD) (2. 38)
with CT/CD = 0.70 for AT < 0 :
= 0.80 AT > O ;

1




A

i

36

is a very practical estimate of the stability patrameter. This
differs ‘from Deardorff's final form of 2/L = 12 Bi (aT) for
unstable conditions, as it reflects Bore recent determinations
of the bulk coefficients. However, it ought to be coampared to
the more exact expression, 2.36, wvhenever <vwt> and u* are both

available.

PR ARG S S T
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CHAPTER 3 IEE INSTRUBMENTATION AND EXPERIDENTAL RFOGRAM

3.1 Introduction

In order to collect the desired amount of high wind sgeed
data a Reynolds flux systez and a dissipation systea have been
designed for unattended operation. Additional aspects of both
systeas including error analysis, design criteria, and sensor
response regquirements are given in Pond and Large, 1978, and the
detailed analysis of +the velocity measurement is also in Pond
et al., 1979. The essential considerations are 1low powver
consumption and a large recording capability to keep the
servicing period long and sensors able to function in the hoped

for 30-40 m/s winds and accoapanying spray. When operating in a

hostile environment for 1long periods of tise, sensors and

electronics are 1likely +to fail periodically, so vhenever
possible the important measurements are either duplicated or

their sensors are calibrated ip situ.

The results from two field operations are to be presented
in this study. The first wvas conducted on the Bedford tower
near Halifax Nova Scotia, which provided a stable enough

.platforl to allov Rmeaningful Beynolds flux measurements to be
used to "calibrate"™ the dissipation systen. Interconparisons
are also possible with the air-sea interacticn systea from the
Bedford Institute of Oceanography, BIO, vhich was also installed
on the tovwer. In a preliminary experiment on Sable Island all

systeas vere found to be coapatible vhen operating on the same

platfora. The results of that intercoaparison and of a previous
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BIO experiment on the island are reported in Smith et al., 1976,
and Smith and Banke, 1975, respectively. The dissipation
measurements were extended to higher wind speeds and more open
sea conditions in a second experiment conducted from the CCGS

Quadra during its patrols at ocean weather station "PAPA",

3.2 The Sensors

The velocity measurenents are based on the Gill
propeller-vane anemometer (R.M. Young Co.), whose propellers
are carefully constructed helicoids that turn a precise nuamber
of revolutions for each meter of passing air (Baynton, 1570).
This number was checked in a wind tunnel and found to be within
2% of the factory calibration. This accuracy is maintained from
propeller to propeller and is not affected by considerable
ablation of the 1leading eige. A problem does arise when the
axial wind falls below about 1 nm/s, because the inertia and
friction begin to produce a non~linear output. Another problem
is that when the wind vector makes an angle € (angle of attack)
greater than about 209, to the propeller axis the apparent axial
velocity component is 1less than the expected cos{®) times the
magnitude of the wind, by a factor S(@#). For angles of attack
between k 1) and 75 degrees, this non-cosine behavior is
approximated by 2(8)£1.103-0.27 9, for ¢ in radians (Pond and
large, 1978). Although these problems pose no serious

difficulties in determining the horizontal velocity components,

they complicate the measurement of the vertical velocity. W is
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derived from a propeller, Gill-w, wvhose axis is tilted at an
angle, =< %09, to the axis of a standard, Gill-u, propeller,
vhich is generally tilted at a small angle § from the horizontal
(figure 3). At an average wind speed greater tham about & a/s
the axial component of the tilted propeller always contains
enotgh of the horizontal wind to avoid its npon-linear regine.
The propeller axes and instantaneous wind vector are kept in
essentially the same plane by the vane and in this way the
geometry of figure 3B is always maintained and corrections for

the non—-cosine behavior are possible.

The twin propeller-vane anemometer of fiqure 3 is described
fully in the references cited, so only an outline of how the
velocity coaponents are resolved follows. The defined angles of
figure 3C and the folloving notation confors to these previous
publications. The Gill-v (taking the ncn-cosine behavior at o=«
into its caiib:ation) and Fill~n signals froms the Reynolds flux

systes supply the velocities:

Gill-u = ¥1 = Q cos 6 + w sin §

and Gill-w = V2 ={Q cos(<+8)+v Sin (<+§)}e[ 1-0,27 (6-tan~-1 (v/Q)) ]
Be) Bix)

vith @ =+ § - tan=-t (v/Q) , (3.1)

vhere Q and v are the horizontal and vertical velocity
components, respectively. Because V2 contains a considerable
contribution froa the ho:izcntai wind, the 16v frequency
variations in the Giil—n and Gill-v signals track ome another

very closely, ‘ptéviding a check that everything is vorking

A}

PSR

P TR
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PIGORE 3 A: The Gill twvin propeller-vane anemometer.
i B: The HAT sensor housing. .
C: Definition of angles used in resolving the velocity
' ' components and calculating the tilt angle 0.
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properly. The tilt angle 8 needs to be evaluated before Q can
be removed from the Gill-w signal and w calculated. Since the
average vertical velocity must eventually go to zero, a good
estimate of § is that angle of rotation needed to make the
calculated <W> exactly 0, where < > denotes the averaging
period. An average § is measured over at least 15 minutes to

give good averages of the ratio Y = <V1>/<¥2> from which it is

n

derived. Assuming tan—1 (w/Q) w/Q and <w>=0,
<V1> = <Q> cos § and
<V2> = <0> {cos(x+8) [1=0.278/8() ]

+<w2> <Q>~-2 sin(x+6) 0.27/ A(x)}

are correct to second order. The term in <w2> <Q>2 is only

about C.2% of the previous term, leaving
Y= {1-0.27 8§/ A)} [cosx - sinx tan § ],

which, assuming § & tan 8, gives a quadratic in 8. It is the
negative square root of the guadratic formula that is needed, so

§ is estimated from

§ =b - [ b2+ (B(x)/0.27) (¥-cosex) /sinx }y2
b = 0.5 [cot <+ AB(x)/0.27]. (3.2)

This expression shows that offset errors, which enter ¥, and
errors in << and the/)‘ relation produce apparent tilts <that can

seriously affect Reynolds stress measurements. Now some

y




straight forvard algebra yields:

V2 - Y Vi =B w+ (A/V1) w2
A= [0.27//5() ] sin(«+6) cos § (3.3)
B = cos(«*b) 0.27/4(a) + {1-0.27 8/8()} sin« /cos s,

vhere Q has been replaced by V1/cos § and a ters in <w2>/K{Q>2
and terms of order (w/Q)3 have been neglected. 0On a fixed
platform the instantaneous tilt actually depends on the wind
directicn, but the use of the ™average" 6§ introduces very little
error (Pond and lLarge, 1978). The gquadratic in v is solved
using the positive square root of the quadratic formula, to give
an estimate of v for each pair ¢f recorded Gill-w and Gill-u
values in <the averaging pericd. The instantaneous horizontal

velocity components are then found from:

Q = Vi/cos 8-vtan5
0 = Q cos(an) (3.4)

V= v =Q gin(an) ,

vhere the instantaneous wind direction, AN, equals <AND>+an and
the meanm direction, <AN>, is chosen such <that the average
cross-strean velocity <¥> = <Q sin(an)> =0. The possible errors
associated with resolving U,v,v and Q in this manner are
suamarized in table I (reproduced froa Pord and Large, 1978),
together with their effects cn the calculated momentum flux and

drag coefficient. Some errors should tend to cancel, so

hopefully there is no more than a £10% error in the average CD.

e M e a e abumdme e e

P e VU
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| SOUERCE ; | <uwd>| i CcD I COMMENTS i
[ @ —r 1 9 ¥ |
; o error of $1° ] 5% | +5% |The << error is |
| | | | believed to be |
i | 1 fwithin .59 with |
| | | |2-3% effects i
| | | l |
t { —+ + -
|Offset at Sa/s | 2% { +3% |{0ffset errors partlyl
lerrors at 10a/s | 1% { 2% jcancel rather than |
| 1 1 ladd giving about | |
| | | 11/2 the effects { ‘
| | | | |
t + + + —
{£2% in calibratiomn | 4% { +1% | }
| | | | |
+— $ -+ $ -
1 8©) relation } £3% | +3% 1 | y
| | 1 | | 4
t + ~+ $ —
{ & fluctuations |Negligible|Negligible| |
— ———i ; 4 .!
| Non-cosine | 6=0 | 1% 1 +1% {Per {61 < 2-3° error| ]
Icesponse of |§=+109] £10% I $£10% |is similar to 6=0. | .
1V1 propeller| [ [ {Por 161 =5° it is | ;
| | | | Jlikely within £5%. | :
| | | | | |
[N J L —de. yl —d i‘
i
TABLE I summary of possible errors in the velocity
measurenment and their effects on the Reynolds flux
method.

Only the dissipation method is practicable on a asmoving
platform, because the § derived from ¥ may be very dif ferent
from the instantaneous tilt needed to £ind w. U is also not
calculated from this <type of data because it is not a simple
matter to separate the wind effect froam the platform motion in

the vane's signal. The Gill-u signal from the dissipation

systen does give an average V1/cos S (froa which a ship's

velocity is removed vectorally) and approximate average values

of Q (and U, since <Q>¥1.005 <U>). 1In this method the velocity

measurenent 1s not the major source of error (section 2.5). A
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+2% calibration error only leads to 2.7% and -1.3% errors in
[<uw>{ and CD respectively and at Sa/s they are affected by the
offset error by only 0.3% and 1.3%. Hovever, only frequencies
above those contaminated by the platform motion may be utilized.
The Gill-w signal functions as a check that the Gill-u propeller
and electronics are vorking properly and, if necessary, as an

input to the dissipation method.

The enclosure, HAT, of figure 3, serves as a radiation
shield and ' offers protection against rain and spray for the
teaperature and humidity sensors that are mounted in it. Glass
coated aicrobead theraistors (Victory Engineering Corp.) measure
both the mean and fluctuating air teaperature vhile glass rod
thersistors potted in epoxy measure both the sea teamperature and
a Rean air temperature. All these transducers fora part of
sisilar bridge circuits whose non~linearity balances that of the
theraistors, making <the output of an operational asplifier
detector linear over about a 25°9C range. All probes vere
initially calibrated in a wvater bath against a standard mercury
thezaometer but later the rod thermistor provides an jp sitn
calibration <check of the aicrobead. The <two temperature
mreasurements should not differ by more than 0.1°C, when both the

rod and microbead are wvorking properly.

Although no latent heat flux data are as yet available, a
brief description of <¢the atteampted hunmidity measurements
. follows. On Sable Island the bumidity fluctuations vwere taken

with an aluainium~oxide sensor (Panametrics Corp.) and a Brady

array (Thunder Scientific Corp.), but these failed because the
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sensors deteriorated in the salt air environment. This occurred

less rapidly in the case of the Brady so an attempt was made on
the Bedford tower to provide am in situ calibration by replacing
the aluminium-oxide probe with a second Brady covered with a 60
micron stainless steel sintered filter. The calibration drift

was much reduced, but still serious, making both Brady arrays

unsuitable for 1long unattended operation. For up to a week or
tvo the drift of the filtered Brady was not ¢tco bad, but its |
calibration was coaplicated by wvhat may have been hysteresis
effects and temperature sensitivity. In addition, the response
of an open Brady is marginal at best (Smith et al., 1976). It
therefore seemed best to abandon the Brady array anmd +to regard

all the data from it as unreliable.

For the ship operations where powver requirements are not &
restrictive a Lyman-alpha humidiometer (Electromagnetic Research ;
Corp.) has been employed to give the fluctuating bumidity, while
a Cambridge Systems (Model 2000) dewpoint system provided the in j
situ calibration and average . The latter worked properly for -
over a month before needing servicing and is promising. It also
gives an aspirated mean air temperature for checking the
aicrobead. The Lyaan-alpha, however, required constant
attention as its windows quickly became so dirty that its signal

vent off scale before providing any useful data.
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3.3 The Reynolds Flux Systea

This system includes the sensors, an electronics package
and 6 digital cassette tape recorders to sample, digitize, and
record the data needed to determine the turbulent fluxes by the
Reynolds flux sethod, section 2.4. It processes each of its 6
channels in the same manner as shovmn in figure &, which
illustrates the data flow and parameters considered in
converting stored data back to the original physical quantities
sensed by the transducers (V1,V2,AN,R, vhere R is any scalar).
Adlthough the data processing is, for convenience, shown for the
spectra, it is actually performed on the Pourier coefficients
fros vhich <the spectra and cospectra are derived. 1 Reynclds
flux record consists of NG seguential groups, each formed by
sanpling first the prewhitener, Vp, at 3Hz, NF times, then the
low-pass filter, VL, at 1/SSP, WS tinmes. The slov sampling
period, SSP, 1is made as long as possible to conserve power and
tape. The high frequency variance and covariance lost because
the 1lov-pass filter prevents full aliasing is recovered by the
fast subsamples. The 3 Hz rate is fixed because it is as fast
as 6 channels can be recorded by a pair of parallel recorders,
each receiving 3 channels. §P,NS,NG and SSP are programaed by
means of thumdwheel swvitches and together they determine the
record length, <the subsampling scheme and the portions of
freguency space covered by each saapling rate. An additional
svitch sets the time interval between the start of records. 1In
order to prevent the cassettes £illing with low vind speed data,
a wind speed 1limit can be set by another switch so that a

scheduled record is not taken if the average wind speed in the
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previous six aminutes is less than the set limit. The systea
continues to collect data until the three pairs of cassettes are

full.

The lov frequency u,v,v and r PFourier coefficients and
spectra fuvwr(f), are available from the slow samples. The
lov-pass filters have a 1 second time constant and transfer
function, HL(f) (3db down at fL= 0.16 Hz). SSP has alvays been
set to 3 seconds, giving a nyguist' frequency ¢£sa, (1/6 BHz),
almost egual to fL, so the filter loss and aliasing shounld
nearly cancel one another. The sensor transfer function, Bs(f),
is ignored because it is typically 3db down at more than 5 times
fsn. A fast Fourier transform of <the slov saaples produces
spectra, $L(f), which must be nearly equivalent to C2 f2(£) for
£< £sn, vhere the_gain, C, includes the dimensional conversion
from physical units to voltage. Because of the non-linearity in
the v calculation, the velocity data must first be converted to
¥v1, ¥2 and AN = C-% (VL-BL-B) and them to 0, v and v with
equations 3.3 and 3.8, before transforming and obt;ining
the fnvv(f) spectra. NS has alvays been set ¢to 256, so one
group of slows lasts iz.e ainutes and its Pourier cofficients
occur at frequencies fros 0.0013 Bz ¢to fns and contain the

variance and covariance from 0.00065 Hz to 0.167 Hz.

?inding the high fregquency cofficients froa <the fast
sanples is more cosplicated because the prewvhitener, Hp(f), and
sensor responses are explicitly involvod; The prevhitener
circuits behave as time di!fc:c;tiators at lov frequencies to

increase the signal lcvils ‘and eliminate spectral distoxtion

PR
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from non-sampled frequencies, then roll off as R-C low-pass
filters at the higher frequencies. By design their response is
maximsum and nearly flat at the fast sampling Nyquist frequency,
1.5 Bz, so that aliasing occurs without nmuch 1loss of
contributions below a few Hz. The Fourier coefficients of the

fast samples (corresponding to fp(f)) are easily converted to
$2¢€) = f$p(f) [ C 1Bs(E)1 1Ep(D)} T2 .

With the velocity channels, the f2(f) are inverse Pourier
transformed and a dc level is added to make the last fast sample
of v1, ¥2 and AN equal to the first slow sample of each group.
U, v, and w are then calculated using the mean coordinates axes
as determined by the slow samples, and it is <the Pourier
coefficients of these time series that are used to produce the
desired high frequency Puvv(f) spectra and cospectra. #ithout
the non-linear v calculation only omne transform need be
performed and this possibility is discussed in the cited
references. NF has always been set to 128 making the lowvest
fast frequency 0.0234 Hz, so all the variance and covariance of
the 1lower 6 and part of the seventh fregquency bands are already

contained in the slov samples.

Flux estimates and statistical guantities are calculated
from runs of- NGEP segquential groups of a record. The total run
time is used as the averaging period in the 8 calculation ana
coordinate determination. The group spectra and cospectra are
averaged together over the run. An atteapt has been made to use

the overlapping frequency bands to adjust the bhigh £freguency

Sy
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portion, however, this has not been successful because the lowver
6 estimates from the fast samples are not statistically very
certain and often radically different from one another and froa
the other high frequency estinates. The 128 lov frequency
values span 0.00065 <£< 0.167 Hz, but the eighth high £frequency
band does not begin until f£= 0.176 HZ so an intermediate value
at £= 0.1715 Bz (bandwidth 0.009 H2) is formed by interpolating

between the seventh and eighth values.

The resulting 186 point épectra and cospectra are
integrated in three different wvays. The first, the I1 aethod,
is to simply sultiply each value by its bandwidth and sua, that
is, to in?cqrate from f= 0.00065 Hz. There are tvo
disadvantages with <¢this wmethod: first, the lowest natural
frequeacy, n= £Z/<0>, included in the integration decreases vith
<U> and this could give rise to apparent vind spéed
dependencies; second, the 1lovest fregquencies are ncot as
statistically certain as one would like and failure to coaverge
over a- flux run could create a great deal cf variability in
observations. A second integration method, 12, alleviates the
first probles by including the variance and covariance cf the
individual group means about the overall mean of a run. This
effectively adds a further ¥GRP saaples at a 13.5 ainute periog,
which contain the contributions from 0.00062/XGRP to 0.00062 Hz.
Hovever, the statistical uncertainty in this additional
contribution is very high, enhancing <the second IV protlea.
Note <that a small spectral gap froam 0.00062 to 0.00065 Hz is
present in the I2 integration, because the slov saampling is

suspended during the fast saapling. The I3 method alvays begins
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at the same natural frequency, n= 0.004, where

integral is then multiplied by a constant factor E to compensate

normalized spectrua or

secticn 4.3 from
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and be subject to minimal variability.
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3.4 The Dissipation Systea

This systea eaploys the same sensors and preamplifiers, but
has its own electronics package apd two digital cassette
recorders. It provides the estimates of € and §r for the flux
calculations (section 2.5) and the Rean sea and air
temreratures, humidity and vind for parameterization (section
2.3) and stability calculations (section 2.6). The architecture

of the data flow is shown in figure S. Betwveen recording at

"intervals of Dt, each band-pass filter output is sampled at 20

Bz, digitized, squared and summed NI times. The sums are stored
in internal memory units until they are vwritten onto a cassette,
at which time all the low-pass filter channels are also sampled
and recorded. Switches prograa NI to be as large as possible
while still allowing the sumaation to be Eolpleted before the
start of a tape write. Dt is ngually set to 4 or 5 minutes,

making this recording system very econoaical of tape.

The lov-pass filters are single pole R-C circuits with a 25
second time constant, folloved by a unity gaian operational
amplifier, hence they are vwell suited fcr providing the mean
velocity and scalar values over the averaging period used for
the & calculation and velocity computations of section 3. 1.
These averaged results may be coabined to give the aeans over

longer time intervals if desired.

The band-pass filters consist of double pole high and low
pass stages centered noainally at fc= 0.4, 0.8 and 1.6 Hz. The

prevhitener is a Jdiffereantiator at low fregquencies that rolls

off as a single pole B-C filter above 10-15 Hz. The two filters
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together fora band-pass filters represented by combined transfer
functions Hc(f) vith center frequencies at about 0.55, 1.05 and
2.1 Hz. Since the input spectrum falls off rapidly (£-5/3) the
frequencies of greatest power output are mnear the fc values.
The stored data words divided by NI give the average power, <P>,
passing through each band-pass filter. A -5/3 spectrum across
Hc is assumed in order to get a discrete spectral value at each

fc for all selected channels from

<P> = RHO ¢ (fc)
vhere RHO = C2 f(f/fc)-sb IBs(f) |2 (Hc(f)12 af

with the integral taken over the range of frequencies passed by
the filters. Because RHO contains Hs(f), a function of U
(section 3.5), the integral nmust be evaluated at each wind sgeed

for each band-pass filter channel.

Equation 2.23 relates $(fc) to the dissipation of scalar
fluctuations, H§r, the molecular dissipation, €, and the
one-dimensional Kolaogoroff constants, Br!' and K'. In the case

of scalars fr(f) = $2(f) and

Nr = <P> €13 (27 /<U>)23 fc83 (3.6)
RHO Br!

is available froa each scalar band-pass filter once &€ has been
determined. Calculating € froa the velocity signals is more é

complicated because V2 alvays contains some v and a non-zero

tilt introduces some ¥ into V1 as vell. Some error is thus

b i
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introduced into RHO, because at the frequencies utilized only
$u(f), and not Pu(f), is expected to be'ptop0ttiona1 to f£-S and
hence neither V1 nor V2 should have exactly a -5/3 spectruam.
Since the spectral values of the horizontal velocity component
are nearly egual to those of the downstreas component, ’n(f),

(pond and Large, 1978), 3.1 gives
$2(¢) = 1 du(f) sé,f

for the V1 signal A =cos2 6

S(6,f) = [1+tan28 $v (f)/%u (f) +2tand Suw(f) /fu(f) }

s (6,£) should really be placed inside the integral of the RHO
expression and integrated over the band-passed frequencies, but
because $w(f)/Pu(f) and $uv (f)/%u (f) can only be approximated,
they are taken to be constants over each filter and placed
outside the integral to give an approximate S'(§). In the
inertial subrange $v(f)/fu(f) = U/3, but this behavior is not
observed near the fc's and instead it is taken to be 0.81, 1.11
and 1.29 at fc = 0.4, 0.8 and 1.6 Hz respectively. These are
simply the averages of 14 sonic anemometer observations from
Sable Island vwhich also show fnv(fc)/fu(fc) to average =-0.11,
-0.16 and -0.15. S' (§) is only a small correction (about 1.03
at &8=-59 and 0.98 at 5=+5°), but not accounting for it
introduces a systematic error, which on a leaning tower could
turn out to be a function of wind direction and hence fetch.
Therefore, S'(S) is applied to reduce the error and make it more

random. The correction is larger and the error more serious in




the V2 case where 3.1 gives

A= [ cos¢b) A /4q 12
S(6.£) ={1+tan? p<+8) $w (£) /Pu (f) +2tan (x+8) $uw (£f)/$u(f))

An approximate S'(§) can again be used, but @ ¥ §¢ o< must be
assused since the data to calculate the instantaneous angle of
attack at each digitization is not available. Therefore,
vhenever possible it is far more desirable to calculate the
dissipation froa the Gill-u rather than the Gill-wv data. With
these approximations and reservations each velocity band pass
filter gives:

€28 = (27t /<Ud)2B  <P> fciN3 (3.7)
A KXK' RHO S*(d)

3.5 Sensor Response

When calculating € and Nr, sensor response corrections are
essential and they are of some importance to the Reynolds flux
mReasurenments. Fortunately, the dissipation system provides a
means of establishing Hs(f) under the actual turbulent
conditions encountered. Assuming the sensors behave as an R-C
filter (3db down at fo : Hs(f)= (1+j£/fo)-?, j=/=1 ), either Nr
or € values froa any tvo band-pass filters can be made egual by
an appropriate choice of fo. Of course random departures of the

input spectrum from its average ~5/3 slope create scatter in

these fo's, but on average nearly the same response is indicated
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by all three pairs of filters (the C.4 and 0.8 Hz, the 0.4 and
1.6 Bz and the 0.8 and 1.6 H2). The success of this technigue
establishes that the assuaption of an R~-C response is
appropriate and that there is a consistent average -5/3 region
throughout the range of frequencies passed by the three filter

coabinations.

The response of mechanical sensors, such as the Gill
propellers, is characterized by a distance constant, D = the
vind passage required for a 63% recovery frcam a step change in
velocity. The R-C filter analogue gives 27t fo=<U>/D. Ié is
more important to establish fo during lov wvinds wvhere the
response is poor. In figure 6§, the hourly averaged wind speel
is plotted against the 27w fo required to make the Gill-u
calculations of € from the 0.8 and 1.6 Hz filters egual. VNow if
D wvere truely a constant this plot would be a straight line
through the origin of slope D. The data iaply that below 12
n/s, D is about 0.65m, a significantly better response than the
gquoted value of 0.8m. At higher speeds the response appears to
isprove even more than expected (D decreases) and this is
incorporated by using the solid line of figure 61, D = 0.56a
0/(0-1.0n/8). The line is a f£it, for U> um/s, to comparisons of
all three band-pass filter ouatputs over the entire time that
this particular anemometer-propeller (19ci. 2~bladed)
combipation was in use. The response changes only slightly with
a different anemometer, but depends strongly on the type and
veight of the propeller. Heavier propellers of siamilar
construction, used on Sable Island, give D = {1.0a O/ (U-0.7w/s)
and 19ca 4~bladed ones shov D = 0.79: U/(U-1.8a/3).

R W o
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The data of figures 6A and 6B come from the same time
periods, but evidently amore air =must pass in the horizontal
{(longer distance constant, DT) before the tilted propeller
responds. This may reflect the non-cosine behavior, because
assuming DT=D/,Fx) gives the s0lid 1line of figure 6B and
DT=1.22 D for<<=60°, vwhich is an acceptable fit for 0<12 m/s.
The technique fails at higher speeds because the v spectrua
vhich foras a large part of the input signal, V2, is no longer
-5/3 throughout the Gill-w 0.8 Hz band-pass filter. This means
that useful Gill-v data are less plentiful as well as more
uncertain than that of the Gill-u, so it seesms preferable to
take the distance constant of the tilted propeller as D/ ,Z(x).
Such an approach turns out to lie between Hicks (1972 B) and
Gill (1975), whose results for a 60° angle of attack give
pT=1.41 D and 1.15 D, respectively.

A similar procedure was used to establish the in situ
response of each =microbead theramistor mounted in the HAT.
Regrettably, it had to be based on very.little data because each
bead wvorked for only a relatively short <time and a 1lot of
recorded data has been rejected because of calibration probleas
and suspected salt contamination of the microbead. Most of the
reliable teamperature data from the Bedford tover is included in
figure 7, in which the hourly averaged wind speed 1is plotted
against the sensor response required to make Nt calculated froa
the 0.8 and 1.6 Hz <temperature band-pass filters, equal.
Clearly the response improves with vind speed. The sclid 1line,
of slope 0.90m, is an acceptadle fit to all the dJdata, implying

that the microbead response, in winds up to at least 20 a/s, can

Al
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also be described as an R-C filter with a distance constant, DB.
Biyake et 3l. (1970 B) gqguote a 26 Hz response for sismilar
sicrobeads at an aircraft spec® of 70 a/s (distance constant
about O0.4a). The lover wind speeds may give the poorer response
indicated by figure 7. It is suspected, hovever, that the
response is limited by the HAT itself and the success of a
distance constant description is a consequence of the amount of
air needed to flush the enclosure. Accordingly, the data froa

individual microbeads agree with a DB of 0.90m to within +5%X.

If the response 1is being treated properly, the Reynolds
stress derived from each of the three band-pass filters should,
on average, be equal. In figure 8 the ratics of €25 (from 3.7)
and equivalently (from egquation 2.28) <uw> are plotted as a
function of wind speed for the same data as used in figure 6.
BEvidently the chosen response is reasonable. Very few
individual ratios differ froma 1.0 Dby more tham 10%. At the
lover winds the averages of all three ratios are nearly .0 and
in the case of the 0.8/1.6 ratio, this is true up to 20 m/s.
Between 12 and 20 m/s, the 0.4 H2 band-pass filter appears to
have about 5% smaller stress values (less output pover) thanm
expected. This may reflect a deviation £from a purely BR-C
response, but more likely it is evidence of the lovwer portion of
the filter lying, on average, below the f-33 frequencies during
these higher winds. At 16 m/s the distance ccnstant formulation
gives D= 0.6a, but if it were taken to be a constant 0.65m the
observed 0.@/0.8 ratio would be even less, because the respomse
correction at 0.8 Hz increases faster than at 0.3 Ez as the

response is wnade poorer. The correction is highly non-linear
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PIGURE 8: Ratios oOf <uw> calculated from different pairs of
bapnd-pass filters as a function of wind speed. The
solid line of figure 6A gives the sensor response.
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with wvind speed and very different froa filter to filter.
Because the ratios of figure 8 vary so little, on average, with
mean wind speed, it is unlikely that errors in the semsor
Tesponse will produce any major spurious wind speed
dependencies. A similar check on the microbead response is not

feasible' because both the 0.4 and 0.8 Hz band-pass filters are

often not entirely in the =5/3 region of the temperature

spectrun. The inevitable presence of contaminated data adds a

furtker coaplication.

3.6 The Experimental Program

The Bedford tower expe:ilént lasted froms Sertember 1976 +to
April 1977. A description of the tower and the results from the
BIO systema can be found in Saith, 1979. The towver wvas a
floating spar buoy moored in 59a of water, uh}ch mnakes the site
essentially a deep wvater wvave regime (Saith, 1979). The
location and a photogragh of the tover are shovn in figure 9.
The shortest fetch <to <the tower site is from the west and is
about 10 ka, wvhile open fetch conditions extend over a 1700
range. The electronics packages can be seen on the main deck,
about 3a above the sea. The Gill and HAT are at the very top
alongside the BIO thrust and aerovane aneacoseters and micrcbead
thersistor. The tide tables for Halifax harbour 'are used to
£ind 'the. phase and amplitude (assumed egual to half the tidal
Tange) at the beginning of each run, from which the =measureameat

height 2 is calculated assuaming a purely #2 tide, wvhich is the

B .
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predoninant tide in this area. The sea temperature sensor was
tied to the tower about 10m belov mean sea level. Surface
meteorological observations, including the atmospheric pressure,
PA, for air density calculations, were routinely recorded at the
Shearwater "AY land station of the Atmospheric Environaent

Service, located ahout 15 ke north of the tower site (figure 9).

While on the tower, the Reynolds flux system recorded the
three anemometer signals plus a microbead theramistor, an open
Brady humidiometer and a filtered Brady from the HAT. The
switch settings of section 3.3‘were eaployed so that flux rums
of either 3 or 4 groups corresponding to 40.5 or 54 minutes
respectively, can be processed. Prom September 15 a new record
began every hour, but on the 23rd the interval was increased to
3 hours and the lower wind speed limit was set toc 10 wm/s. On
October 4 the 1limit was changed to 8 m/s, then increased to
12a/s on October 6 and put back to 10m/s on February 15 where it
remained until <the end of the experiment. Meanwvhile the
dissipation system (fiqure S) sampled and recorded the low-pass
data from the same six signals plus a rod +thermistor £from the
BAT and the sea temperature. The Gill-u, Gill-w, microbead and
open Brady signals vere selected to be band-pass filtered. The
numker of summations, NI, was set to 4500 to coaply with a 4
minute D¢, which enabled the pair of cassettes to last for £52.5

days.
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The wveather ship experiment included the four patrols of
CCGS Quadra betveen July 1977 and April 1978. During the third
and fourth patrols a single propeller Gill anemometer wvas used
vith the Gill-u signal also being processed as the aissing
Gill-v signal. The typical mode of operation of the ship when
at "PAPA" (figure 10) wvas to drift with the wind then retarn to
station by steaming into the wind at less than 4 knots. During
the latter operation the great bulk of good data wvere collected,
but some useful data were also collected as the ship steamed at
7 to 12 knots while en route to "PAPA"™ (figure 10). The
location of the sensors on the ship's foremast is shown in the
pkotograph of <figure 10. Cables were run to the electroanics
packages tvo decks below the base of +the Bmast. With .\u‘.nds
coning over the bowv the measured tilt angles are typically only
about +7°, indicating that the ship's distortion of the mean
flov is not enough to upset the dissipation method. However,
vinds more than 309 to starboard or 60° to port vere found to
have greatly perturbed high frequencies, which proved to be very
unfortunate because the ship drifted for many hours in such
vinds. 1In addition the foremast location received a great deal
of spray so that the microbeads broke and the Lyman-alpha
vindovs became dirty soon after the first enccunter wvwith heavy
seas. As a consequence very little temperature data and no
huaidity data are available from the ship. The spray also
caused a great deal of pitting in the leading edges of the

propellers, vwhich <they can fortunately tolerate. In a

subsequent experiment (JASIN 1978), the same sSensors vwere

aounted forwvard of the bovw of the PS Meteor s0 that the wind
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FIGURE 10 A: Ocean Weather Station "PAPA", SOON, 1459W, and the
route of the weatherships.
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carried the spray away and a great deal of both temperature axd

humidity data were collected.

Rhile on CCGS QUADRA, the dissipation systeam low-pass
filtered and recorded the signals from the folloving sensors: a
rod and two microbead thermistors from the HAT, the Gill
anemometer, a Lyman-alpha humidiometer and the dewpoint systen.
The two Gill velocity, the two microbead and the Lyman-alpha
signals were all band-pass filtered. Dt was set at 5 minutes,
allowing NI to be 5800 and up to 56 days of data to be stored on
the tvwo cassettes. The Reynolds flux system was included to
provide velocity and scalar spectra. It was set up as c¢n the
tower, but the Brady arrays were replaced by the dewpoint and
Lyman-alpha signals. The wind speed limit was always set to at
least 8 m/s so that flux records were taken throughout most of a
patrol. With these switch settings it was fcssible to turm the
systems on prior to sailing and to retrieve the data cassettes
upon return seven weeks later. A sea surface “"bucket"
temperature and the atmospheric pressure are available from the

ship's three hourly meteorological observations.
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CHAPTER 4 REYNOLDS FLUX MEASUREMENTS PROM
IHE BEDFORD STABLE TOWER

4.1 Introduction

The Reynolds flux data set from the Bedford tower consists
of 196 @momentum flux runs with wvinds up to 20 m/s and the
pajority of stabilities in the range -0.8 <Z/L< 0.1. In aost
cases the fetch is unlimited, but winds from all directionms,
except those which put the sensors in the wake of the BIO thrust
(from the east), are allowed, so some fetches are as short as
10 knm. The runs are restricted to the 5 n/s or greater winds
necessary to keep the tilted propeller in its 1linear operating
range, which also ensures that the measurement height, Z¥13 n,
is in the "constant flux" layer. It is very gratifying to £ind
that in each case vhere simultaneous dissipation data exists,
192 runs, the band-pass data confirm the existence of a <=5/3
region in the velocity spectra. Other runs are rejected because

the Gill-w and Gill-u signals do not track each other properly.

All 196 runs have been considered for sensible heat flux
calculations, because even 5 m/s vinds are sufficient to £flush
the BAT. However, during many of these runs the temperature
data are not available, because either the microbead was broken
or very cold air drove its signal off scale. A few ruans are
also rejected because the mean air temperatures from the rod and
sicrobead theraistors do not agree to within 20.1°C. In
addition many sore runs have not been #rocessed due to what is

believed to be the sensitivity of a salt contaminated wmicrobead

—— bt
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to bumidity fluctuations as reported by Schmitt et al., 1978.
This behavior is recognized by relatively little variance in the
tesperature spectrum below n=0.01 and in many of these cases,
but not all, the dissipation data reveal that the temperature
spectrum is not falling as steeply as -5/3. oOnly 60 of the 196
runs have been found to satisfy criteria for temperature flux

calculations.

All the Reynolds flux results are tabulated in the Appendix

and are referred to as runs T1 to T196.

4,2 The Stability Parameter Z/L

A stability parameter Z/L (aT) is calculated from egquation
2.38 for each of the 196 runs. The surface temperature, TSFC,
is approximated by the dissipation system's sea temperature
probe, TSEA, which is assumed to have fallen linearly over a 16
hour period that was not recorded (runs T90-T93). The mean air
temperature, TZ, at +the measurement height, Z, usually comes
from the rod thermistor of the dissipation system, but over the
uﬂrecorded gap and during periods when the rod's signal either
has erratic bebavior (rums T47-T55, T74-T85 and T138-T149) or is
offscale, the flux system's recordings of +the =nicrobead are
used. Unfortunately, during runs vT102-T110, T117-T7122 and
T131-T133 neither temperature sensor vas operational and it is

necessary to use the meteorological observations fron

Shearvater. 1In figure 11B, Z/L(AT) is plotted against the wmore
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exact 2/l (u*,<vt>) (equation 2.36) for the 60 temperature rums.
The two calculations tend to agree on average and seldce differ
by more than £0.05, but occasionally the difference is
substantial (more than 0.2). Since u* is calculated for all the

runs it can be used, instead of <U>, to calculate a stability

PR ROV RSN

parameter Z/L(u*,AT) from equation 2.37. However this estimate

does not agree as well with 2/L(u*,<wt>) as shown in figure 11a,
vhere systematic departures from a 1:1 relationship are evident.
Since <wt> is only available from the temperature runs it cften

must be approximated by CT <U> AT, but evidently the associated

error is partially compensated by the error in replacing u*2
with CD <U>=2, The bulk estimate Z/L(AT) is to be used
exclusively, because it is the best estimate of stability that J
is alwvays available, even though it may not be very accurate for |

an individual run.

4.3 Turbulence Spectra And Cospectra

The spectra of the fluctuating velocity compcnents and
fluctuating temperature, $(f), provide a means of evaluating the

perfcrmance of the Reynolds flux system (section 3.3).

To find a value of E for each quantity integrated by the I3
method, equation 3.5, normalized spectra and cospectra, HNf(n),
are established by averaging over all available ruhs. All g
spectral values and their corresponding natural fregquencies,

n=£Z/<U> (186 per run), are first calculated. The f(n) are then
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multiplied by £ +to produce a variance preserving plot against
log(n). Next the f $(n) are non~-dimensionalized by dividing by:
u*2 in the case of velocity spectra and cospectra, (ot)2 for
teaperature spectra and <wt> =-Kust* for w,t cospectra.
Pinally, the discrete normalized spectral values froa M rums in
a particular stability range are band averaged over n, such that
alog(n) remains constant, giving a mean, taken to be N$(n), and
a stapndard deviation, ¢, for each band. A plot of Nf¥(n)
vs. log(n) should, according to similarity theory, display a
universal fora, depending on stability. The normalizing factors
u*2z=<uw>, <tt>=(ot)2 and <wt> are found for each rum by
integrating %uw, $t and Pwt froam n=0.004 and are therefore as
such as 10% small, but the error is independent of wind speed.
There is a great deal of scatter in the $(f)'s, not only from
run to run, but between nearby frequencies of the same run, due
to the inherent wvariability of t@e Pourier coefficients. The
latter effect is reduced by averaging over the NG groups of a
flux run. HRowvever, it is not reduced further, by averaging over
Pourier bands, because this greatly increases the band-width,
vhich should be kept as narrov as possible in order to keep
¥9(n) representative of its natural frequency, especially at low
frequencies vhere there are only a few points in each band. As
a consequence, o is extremely large and not indicative of the
variability of <the mean, N¥$%(n). Since the M runs are
independent, oa¥oy/H is taken as an estimation of the standarad
deviation of the wmean. This estingtion assumes Gaussian

statistics, wvhich should be approached with a large nuamber of

runs, and that the =mean and o are gocd nmeasures of the
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population statistics, which regquires that NP, the number of
points in a band, be much larger than M. This latter assumption
is not strictly satisfied as NP approaches M, but because each
run continues to contribute at least one point, the statistics
should Temain nearly Gaussian with oBZ0//H a reascnable
approximation. Similarly, when NP becomes less than M, each

point comes from a different run and on¥o7/NP is assumed.

In the following normalized plots N9 (n) from each band is
plotted in the middle of the log(n) band and shown by a diamond
with vertical bars extending up and down 1 on. In the
logarithpic plots the meanms (squares) are plotted and solid
lines of -2/3 slope, indicating $(f) proportional to £-5/3, are
drawn. The runs are sometimes split into stable and unstable
groups which are averaged and plotted separately. There is no
attempt to average over smaller stability ranges because the
large majority of runs span only a narrow ranje and because of

the large uncertainty in Z/L(AT).

VYelocity Spectra

The normalized spectra of the dovwnstreanm velocity
component, N%u(n), are shown in figure 12 and there is a marked
dependence on stability. The peak of the spectrum of the stable
runs, figure 12B, occurs at a natural frequency eore than a
decade higher tkhan that of the unstable runs (figure 121), vhose
spectrum in turn has a greater proportion c¢f its energy at lower
fregquencies. The spectral points below n=10-3 come frcm the

highest wvind speed runs and <their average over the natural
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frequency band, log{n)= =-3.21 to -3.00 is about 0.75 in both the
stable and unstable case. It does appear, therefore, that a
spectral gap is emerging between the fluctuating motion and the
sean flow. Some platform motion is expected, but it is not
evident in the spectra, perhaps because it is obscured by
averaging over large frequency bands. The log-laog plots of
figure 12 display a similar shape and stability dependence as do
the over 1land spectra of McBean, 1971. In contrast, the
measurements over land of Kaimal et al., 1972, suggest sharper

peaks.

Contributions to the bands between 1n=0.1 and n=0.4 come
from both the slov and the fast samples depending on wird speed
and the small pluses on figure 12A represent the band averages
using only the slov samples. These are plcotted at the average
value of log (n) and not at the band center as are the overall
averages. In this range (0.1 <n< 0.4) the fast sampled spectrunm
does, on average, match thé more statistically certain spectral
values found from the slow samples. There is no evidence of
aliasing in the slov samples corroborating the argument that it
is compensated by the 1 second time constant 1low-pass filter.
Similar matching is not done in figure 12B because the points

fall near the peak of the spectrum.

It happens that all three Gill-u band-pass filters may be
utilized under all conditions encountered at the tower and at
"PAPA". The logarithmic plots of figure 12 showv that both the

stable and unstable spectra begin to displiy a -5/3 region at

about a natural £frequency n=0.2. Above n=1.0, the Nygquist
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frequency wvhen <U>¥18 m/s, the lfu(n) fall above the -2/3 lines
(fall less rapidly than =5/3), reflecting the expected spectral
distortion due to aliasing. Pigure 8 suggests that, at Z=13a,
the output of the 0.4 Hz tand-pass filter contains freguencies
belowv <the -=5/3 range with 12 m/s and higher winds, which sets
the low frequency cut-off of Hc(f) at about (0.2 12a/s/ 133) &
0.2 Bz, Hovever, figure 8 also ipndicates that the stress
calculated from the 0.4 Hz filter is only about 5% 1lowver, on
average, than that calculated from the other filters, for winds
up to 20 m/s. Therefore, utilizing all three filters to find
the stress should introduce a systematic error less than 2% and
in return improve the statistical certainty of the estimate.
The effective 1low frequency cut-off of the 0.4 Hz filter and
prevhitener combination is n <U>/2 ¥ (0.2 20m/s/ 13a) % 0.3 Hz,
the 3db down <frequency of Hc(f). The tover winds are always
less than 20 m/s and at "PAPA", the wind plus ship speed is
alvays Dbelow (0. 38z 22n/ 0.2) ¥ 33 m/s, therefore, the
dissipation calculations always use the data from all three

band-pass filters.

Of course, filters cannot be used in the dissipation method
if they pass frequencies contaminated by the ship's motion. The
horizontal velocity spectrus, £ $Q(f), of £igure 13, is an
average of four Reynolds flux records taken during very rough
seas and slightly unstable conditions at "PAPA", The spectral
values are averaged over bands of log(f) in the manner described
for the normalized spectra. The nuamber of rums, M, is 4, s0 the
vertical bars extend 1 on « o/2, vhere o is the standard

deviation about the mean £ $Q(f) of a log (f) band. The 22 a/s

o

s 2 s
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vinds make n and f very nearly equivalent and the spectrum |is,
accordingly, nearly the same as figure 120 except between £=0.1
to 0.3 Hz vhere the motion of CCGS Quadra is conspicuous.

Thankfully, even under such extreme conditions, very little ship

e

motion should be passed by the 0.4 Hz band-pass filter

prevhitener coabination. Nonetheless, its output while c¢n a

ship is alvays checked. : §

Figure 14 shows the normalized vertical velocity spectrua,
¥fv(n). The peaks, near n equals 1, are barely reached with the
3Hz fast sampling rate, but there appears to be a shift to a
higher frequency in the stable case, which is in accord with the
over land studies previously cited. The spectral shapes near
the peaks must be distorted by the aliasing of a relatively
large amount of high frequency variance, some of vhich is
inevitably lost because there is .only partial correction for
sensor response. Again there is no evidence of platform motion. f'
At lowv frequencies o is very small and the low spectral levels

and the observed stability dependence have also been found in

other studies, indicating that the horizonmtal velocity is Leing
properly removed froa the tilted propeller signal. In section
3.5 the Gill-w response investigation suggested that the =5/3
range of $v(f) begins above n= (C.8Hz 13m/12a/s) ¥0.9, and this

is consistent with ¢the 1logarithmic plots of <figure 14.
Therefore, some restrictions have to be imposed wvhen the Gill-vw
band-pass filter outputs are used in the dissipation method. On

the ¢towver, for example, the 0.8, 0.8 and 1.6 Hz outputs should

e vy 1 e

definitely not be used vhen the wvind speed exeeds (0.3 Hz 13m/
1.0) ¥ 4 n/s, 8 n/s and 16 n/s, respectively.
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The Ten ture Spec n

The normalized spectrum of the temperature fluctuatioms,
lft(n), from all 60 temperature runs, is shown in figure 15.
Individual plots for averages over the 57 unstable and 33 stable
runs are not presented because they are not very different and,
with so ien runs, not very statistically certain. However, the
majority of runs have |Z/Lf < 0.1, so figqure 15 nmay be
representative of "near neutral" stratification. Accordingly,
the spectral shape is very auach 1like MNcBean's (1971) near
neutral case, hovever the generalized temperature spectruam of
Kaimal et al., 1972, indicates a sharper ¢reak at a higher
frequency. An average over the log(m)= -3.25 to -3.0 fregquency
band gives a mean of 0.15, which, despite a large standard
deviation, supports the existence of a =srectral gap that
seeningly would emerge if wmore high wind speed runs were
available. The two pluses plotted near n=0.2 and n=C.3 are the
averages of 1524 and 002 points, respectively, from the slow
samples only and their average fits the high frequency portion
of the temperature spectrum quite well. The rise c¢f the higher
frequency plus may be a consequence of combining the stable and
unstable runs, or due +to a 1little aliasing, but whem the
microbead is suspected of responding to humidity £luctuations
the peak of the spectrum is found above n=0.1 and the inclusion

of only a small amount of such data could likely be the source

of this feature.
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The logarithmic plot does not exhibit any evidence cf a

=S/3 region, vhich the San Diego results of Phelps and Pond,
1971, show +to begin at about n=0.6. Here the spectrua is
distorted by aliasing before it can develop, hovever one of the
criteria for selecting the 60 teamperature runs is that the
ratios of the band pass filters reveal the existence of a =5/3

region above n=0.6. The 34b dowvn frequencies of the coasbined

prevhitener and 0.4, 0.8 and 1.6 Hz temperature band-pass
filters are about 0.3, 0.55 and 1.0 Hz respectively. The
implication is that the use of the temperature data in the 1
dissipation method ought to be restricted in the following |
manner: the 0.8 Hz to vinds less than (2 0.3Hz/0.6) ¥ 6 =/s on
the towver and 10 ma/s on the ship, the 0.8 Bz to speeds less than
(Z 0.55Hz/0.6) = 12 a/s on the tower and 20 a/s on the Quadra f
and the 1.6 Hz to <U> below (Z 1.0Hz /0.6) ¥ 20 a/s on the tower P
and 37 a/s on the ship. Unluckily, at the higher wind speeds
only data from the 1.6 Hz filter are useful, so there is no

check on the -5/3 region.

e :

The u.¥ Cospectrum

The normalized u,v cospectrum, BKfuw(n), from <the stable
runs is significantly different from that found in the unstable

case, as shown by figure 16. The over 1land results of both

McBean and Miyake (1972) and Kaimal et 3l. (1972) are 1in
excellent agreement with these over sea spectra. When
calculating B for the I3 nmethod of integrating u,w and w,t
cospectra (page 51), the lf(n) are averaged over bands of

Alog(n) = 0.25. Por clarity, the bands in figures 16 and 17 are
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0.80, but the so0lid curves <trace out the approximate areas
integrated. From its peak at a natural frequency n=0.03 the
unstable cospectrunm, figure 16A, falls steeply to 1lover
frequencies leaving about 1% of the total covariance below
n=10-3, The more gentle fall to higher freguencies is usual,
but here, as in figures 12 and 14, aliasing distcrts the share
above n=1, The highest frequency point is plotted at n=4, the
band ceanter, but the average log(n) of this band is at =n=3.2,
which is near the high frequency cut-off of the integration over
the Alog(n) = 0.25 bamds. The total area under the curve was
found to be 1.06 times the area from n=0.004. The stable
cospectrua, figure 16B, shows aore covariance at higher

feqnenéies with a peak at about n=0.2. There is mo covariance,

on average, below 1n=0.002, but individual runs often display.

significant amounts, both positive and negative. The total area
under the solid curve is only about 1.005 times the area from
n=.004. The ratio B, reguired for the I3 method of integrating
the cospectrum, turns out to be a function c¢f stability and
Bu=1.06 and Es=1.005 are realistic values for unstable and

stable cases, respectively.

Ihe ¥.t Cospectrus

The norasalized w,t cospectrus, vat(n). behaves in a
similar fashion as HNfuv and also agrees with the over land
measureaents. The unstable cospectrua, figure 17A, daisplays a
broader peak at a slightly lover fregquency than does the stable,
figure 17B. Again there is a greater proportion of the

covariance at the lover frequencies in the unstable case, ihere

!
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the <total area aunder the solid curve is about 1.10 times the
asount from n2=0.008., In the stable case this ratio is only
1.04. The suggestion is that the I3 method of integrating w,t
cospectra ought to use Eu=1. 10 (unstable) and Es=1.04 (stable).
With omly 33 stable and 27 unstable teamperature runs these

cospectra and integrations have more uncertainty, as reflected

DT 420 e AP RS -~ s garpte e

by <the larger estimates of the standard deviation of the mean,

than found for N$uw. Humidity sensitivity of the temperature
sensor is difficalt to diagnose from the cospectrum, because it
results in £ Pwt(n)/<wt> being very siamilar to the average

staktle case, figure 17B.

4.4 Turbulence Statistics

The spectra and cospectra from each run are integrated from
£=0.00065 Hz (the I1 method), to give estimates of <the
statistical quantities ou, oV, ow, ot and the u,v correlation
coefficient <r(uw) = <uwd/(cu o¥%). The mean, standard deviation

and wind speed depeidence of some of these normalized gquantities

|
are presented in table II, hovever there smay be scme stability (
dcpcndenqe in these results. It is evident from figure 12 that ?
this method of integrating fu(f)is likely to underestimate ou by ;
more than 13% at <U>=6 8/s. This effect decreases with |
1pcrcasing wvind speed and accounts fo:: at least half of the
observed increase in Ou/<U> with <U>. A sisilar behavior is
expected for ov and o, which also have significant low

freguency contributioans. ‘ito' sean and scatter o:_av1<u> and i
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| i | | i Results cf |
i JMeans of | Standard] Linear | Saith & Banke|
| 1196 runs |deviation| regression | 33 runs |
| | | | | |
F t + -t { 4
1 ou/€<0> | «092 «018 | .061 ¢+ ,0026<0>] .094 z .014 {
! | | | | |
— 4 { $ + 4
I ow/<> | .080 | «031 | .036 ¢+ .,0037<0>) .084 % .022 |
| | | | | |
t { $ + + 4
| ow<p | 042 | «006 | .027 ¢ .0013<U>| .0u8 + .005 |
! ! ! ! ! N
| ov/u* | 1.26 | .10 | 1.18 + .005 <O>] 1.47 2 .11 |
| | | 1 | l
— : + + $ ]
| -c(uw) | .31 | .06 | | .34 ¢ .07 |
! | | | ! |
e L - N A A 2

TABLE IX Turbulent velocity statistics from the 196 Reynolds
flux runs. The means t+ 1 standard deviation from
Smith and Banke, 1975, are shown for comparison.

ou/<U0> are, therefore, quite reasonable. The values cf ow/<0> 4

and OW/u* are rather less than those of Smith and Banke, 1975,

perhaps because the

aliased frequencies are not coapletely

corrected for sensor response. Figure 16 shows that the I1

method should never underestimate ouw by more than 5% and that

the 1loss of high frequency covariance should be less than half

the amount of variance lost by ow. The combined error in otuw

therefore, be about half the sum of the ou and Ow errors,

may,

which is consistent with the correlation coefficient r(uw) being

siailar to previously reported values.

FPigure 18, shows the means of ou/u*, oOv/u* and Gt/T*

(T*=Xt* is used to conform with McBean, 1971) band averaged over

ranges of 2/L. Only 39 of the temperature runs are used in the

averaging, because many runs are near neutral vhere large oYt/T#
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Standard deviations about
the plotted means

| 1

L |
i Stability range i Kuaber l' |' i i
{ nid 2/1 20.01 { of runs | ou/u¥* { dv/u* | oW/us !
I ! - ! ! !
| -0.05 1 13 ] 0.30 | 0.79 ] 0.12 |
! | ! ! ! '
h -0.03 { 17 | 0.25 | 0.81 | 0.09 |
i ] i I | {
— 4 + " 4 {
1 | ! ! ! !
h 0.01 { 25 | 0.58 | 0.69 | 0.10 |
a | 1 | | i
i 0.03 { 28 | 0.36 | 0.26 | 0.08 |
| | | | 1 {
— ; " 4 i v
i 0.05 { 16 | 0.7 | 0.85 | 0.09 |
| | H | ! !

TABLE IIXI  Standard deviations of the <turbulence statistics

about the stability band means plotted in figure 18.
values occur as a result of the "noise™ in ot discussed by
McBean. With so few telpe:atire runs available ot/T* at
2/1=0.077 is plotted even though only 6 runs f£all in <the band.
Othervise, the stability ranges are selected so that at least 10
runs fall into each band. Por clarity, some standard deviations

fros the band averaging at ssmall vaues of |2/L|, are presented

in table III. Typically, the standard deviations about the mean

ot/T* values in figure 18 are about 0.5. The magnitude of the
standard deviations in table IXI are comparable to the scatter
in !chaQ's tesults. oW/u* exhibits the smallest stability
dependence and thi least scatter, perhaps because low fraquency
contributions to av are nminisal. Almost all the averages
plotted inwfiénti'ia fali within the scatter cf HcBean's (1979)
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plots and the observed differences are not unexpected. His
variances are computed as integrals from n=0.01 to 10, giving
even smaller o6u's, but better oWw's than the I1 method.
Accordingly, his ou/u* values tend to be lcwer and his ow/u*'s
higher than the corresponding means in figure 18. However, the
wind speed ranges of the two studies are considerably different
(<0> <8 m/s for all of McBean's rums), so any wind speed
dependencies, such as shown in table II, complicate the
comparison. In addition, both u* and T* are calculated fronm
integrals over different frequencies. Despite these probleas,
ov/u* and ot/T* in figure 18 are generally in excellent
agreement with McBean. Measurements of the sensible heat and
moisture fluxes were uséd by McBean to find Z/l. The overall
stability dependence of all the statistical guantities is very
similar in both studies, which lends credence to the belief that
Z/L(AT) is, on average, a good estimate of the stability

parameter.

There do not appear to be any unexpected discrepancies
between the statistical quantities and previous results. The
loss of 1low frequency covariance can hopefully be avoided with
the I2 or I3 methods of integrating cospectra. The av values
are probably +too small, but because this is due to fregquencies
above 1.5 Hz there should be no serious conseguences felt by
<uw> and <wtd. In conclusion the sensors and Reynolds flux
system seem to be performing as expected and gquite capable of

providing reliable estimates of the momentum and sensible heat

fluxes.




8.5 The Pluxes Of Nomentum And Sensible Heat

Three methods of integrating cospectra over the uncertain
lov frequencies wvere discussed in section 3.3 and formulated in
equations 3.5. I1 dincludes all fregquencies from the slow
sanples, 1I2 adds contributions from the lower frequencies
represented by the group means and I3 integrates from n=0.004 to
vhich a stability dependent factor, B, is applied to account for
the lov frequencies not integrated. The ratios of <uwd> fros the
different nmethods are averaged over 2 m/s wind speed bands and
tabulated in table IV. The I3:I1 ratio is expected to converge
systematically to 1.0 from dJreater values as the wind sgeed
increases. For the unstable runs this should occur at about 13
B/s vwhen the integral from f£=0.00065 HZ begins to cover all the
natural frequency range of the noraalized cospectrum (figure
164) . With BEu=1.06 this does occur, but above 14 a/s the ratio

is again greater than 1 possibly because these runs are mnearer

to neutral conditions than the average and require a lower Eu.

Hovever, the overall average of 1.00 suggests that Eu should be
increased to reflect that the It method sometimes does miss some
of the covariance. The uncertainty in 2Z/L asakes stability
adjustments to Bu impractical, but these would affect <the flux
by smuch less than the measurement error. Keeping Eu=1.06 seeas
reasonable and the overall I2:1I3 ratio of 0.99 indicates that
using this factor includes the average contribution te the
covariance from the group means, vhich in fact usually reduces

the dovnward momentum flux as shown by I1:I2 >1.0.
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TABIE IV Comrparison of the different methods of integrating
the u,w cospectrum.

At U=11 m/s the I71 method begins to integrate over the
entire stable normalized u,v cospectrum (figure 16B). When
averaged over all runs above 11 m/s the I3:I1 ratic is 1.00 and
the I2:I3 ratio 0.98, shoving BEs= 1.005 to be appropriate. At
lover speeds the I3 wmethod does not include lowv frequency
contributions which reduce the downward flux, wmaking I3:I1 >1
and I2:1I3 (<1, These positive contributions to <-<uw> were

balanced in the normalized cospectrum by negative contributions

(dovnward flux) from the higher wind speed runs. One particalar
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run in the 6 m/s band gives I3:I1 = 2,13 and there are not
enough other rums to balance it off. Excluding this run froa
the band gives I3:I1 <1. It is likely then that the overall
I3:I1 would be reduced if more runs vere available for
averaging. One stable run in the 8 a/s Sand has such a large
positive contribution .from the group means that the total
integral, <uw>, becomes positive with I2:I3= ~1.56. Without
this one run both the I2:I3 tand average and cverall average
increase to 0.96, so that most of the covariance from the group
means is, on average, included in the I3 method. The decrease
of I3:I1 with wvind speed in the stable case, suggests that if
more runs and a better measure of Z/L vere available Es should

be made a function of stablility.

The different methods of integrating the w,t cospectruam are
coapared in table V. The strange results in the 12 a/s,
unstable band are caused by run 7T111 whose group mean
contribution, -0.018 ©°Ca/s, is larger in magnitude than and of
opposite sign to the It integral, 0.015 °Cm/s. If this one run
is excluded, the band average and overall average I1:I2 become a
sore reasonable 1.0€ and 0.94, respectively, with the
corresponding 12:I3 ratios going to 0.99 and 1.11. Por the low
speed unstable runs, I1:I2 less than one, suggests that there is
a significant contribution to the w,t covariance at frequencies
below <£=20.00065 as do the results of NcBean and Miyake, 1972.
Without high wind speed runs it is not possible to extend the
noraalized cospectrum (figure 17A) below n=0.001, vhere it is
still fairly large. The cospectrum was made to drop off to C at
n=0,0002 so that Bu=1.10, which is a comapromise. The McBean and
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TABLE V Comparison of the different methods of integrating

the w,t cospectrun.

Miyake results indicate a more rapid drop, but the overall I2:I3
ratio of 1.06 hints that Eu should be larger. The wind steeds
during unstable conditions were always too low for the I1 method
to integrate over the entire normalized cospectrum making I3:I1

>1 at all speeds and the overall average 1.04.
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At all wind speeds the I1 method includes the entire stable
cospectrum, figure 17B, and accordingly the I3:I1 ratio shows no
systematic trend with wind speed and its variability attests to
the existence of random 1lovw frequency contributions to the
sensible heat flux which are smoothed by the I3 method. It is
suspected that more runs at the 1lower sreeds would give an
average ratio of 1.0, the same as above 15 a/s. Again there are
some very anomalous runs with large group mean contributions as
shown by the I2:I3 band averages of 0.52 and 6.28. Without such
runs the I3 method again accounts for most of the average group
mean contribution. In viev of the uncertainty in table Vv and in
figure 17B, caused by the lack of rums, a value of Es=1.04 is

acceptable.

Tables IV and V exhibit evidence of 1large random
contributions to the fluxes from the uncertain 1low frequencies
causing a great deal of scatter in the fluxes calculated from
the IV and I2 methods. To avoid the resulting scatter, the 1I3
method vill be adopted as the means of integrating the cospectra
of all the runs. The choices for fuv of Eu=1.06 and Es=1.005
and for $wt of Eu=1.10 and Es=1.04 have some uncertainty, but
they are reasonable compromises and do not appear to cause any
significant systematic errors or apparent trends. The integrals
will be denoted by <uwDFLUX and <vwt>FLUX and the derived

parameters by u*FLUX, t*FLUX and so on.
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The Reynolds flux results are presented in figures 19 and

20 and compared with the dissipation method in Chapter 5. A
more complete view of the behavior of the fluxes is offered in
Chapter 6 by the more extensive dissipation Jdata set. Por the
present the measured wind, UZ, temperatures, TZ and TSFC,
<uw>FLUX, <wt>FLUX and Z/L(AT) have been put into eguations 2.4
and 2.8 to give the roughness lengths, Zo and Zot, and into 2.11
and 2.10 to give a wind speed, U10 an air temperature, T10, and
a drag coefficient, C10, at 10 nmeters. A neutral drag
coefficient, CDN, is derived from 20 with egquaticn 2.12. The
plot of CDN vs. U010, figure 19, looks identical to the BIO tower
results in sSmith, 1979, from which a regressiocn of 120 near
neutral C10 values on U110, gives 0.44 ¢ 0.063 U10 = 103C10 as
compared to 0.46 + C.069 U010 = 103CcDN from figure 19. Since
there is nearly an equal partition betveen stable (triangles)
and unstable (crosses) runs in figure 19, a regression of C10 on
010, 0.43 + .069 U10 = 103C10, is not very different. The
higher coefficients at' the higher wvind speeds are commonly
observed, but overall these values are distinctly smaller than
those at similar wind speeds in Garratt's, 1977, review. In
figure 19 the stable (triangles) and unstable (pluses) data do
not separate into distinguishing patterms. Throughout the small
stability range found over the sea, average stability effects

arpear to be small.

In figure 20 <wt>FLUX is plotted against U10(TSEA-T10) for
the 52 temperature runs with JaT}§ > 0.5°C, so that a line from

any point to the origin has a slope equal ¢to CT10, equation

2.10. The solid line represents the parameterization of Priehe
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and Schmitt, 1976, which f£fits quite well for -10 <U10 o1<
259Ca/s. The data do not support am increase in CT10 above this
range, vhich Priehe and Schaitt suggest on the basis of Smith
and Banke's, 1975, measurements on the beach at Sable 1Island.
The BIO tower results (Smith, 1979) span |<U> AT|< 150°Ca/s and

indicate slightly higher CT10 values than do either F¥riehe and

Schaitt or figure 20, in both the unstable and stable cases.
Smith (1979) finds 103<wtd>= 3.2+ 1.10 U10 4T, for aT>0 and ~0. 1+
0.83 U010 AT, for AT <0, from regressions of <wt> on U10 AT. All
three studies show the stable coefficient to be smaller than
CT10 in unstable stratification. There is not a great deal of
scatter in fiqure 20, except from two rums (plotted as squares),
during vhich very wvarm air moved over a cold sea. Such
conditions greatly influence the average semnsible heat flux and
are discussed in section 6.3, when the corresponding dissipation
data is presented. Near neutral runs (JZ/L] <0.05), plotted as ’
crosses, are nuch the same as the more stable (triangles), but t
the more unstable (pluses, 2/L 0.05 to 0.25 and diamonds, 0.25

<2/1) seem to give smaller CT10s, however there are far too few i

data to be conclusive as there are wind speed, fetca: and other 3

effects to consider.




CHAPTER S INTEBCOMPARISON QF THE REYNOLDS
PLOX ABD DISSIPATION HETHODS

S«1 Introduction

The Bedford tower experiment provides an excellent
opportunity +to establish, by coamparison with both the Reynolds
flux and BIO results, a dissipation method that is valid over a
vide range of open sea conditioms. The dissipation system
recorded data during 192 Heynolds flux momentum runs and all 60
temperature runs and the results are tabulated with those of
their corresponding flux runs in the Appendix. The stability,
2/L(AT), and € give a u*DISS = (<uwDDISS)iR from each of the
four methods of manipulating the turbulent kinetic energy
aequation and velocity profile, eguations 2.28. Similarly
<wt>DISS is obtained both by including and excluding the
stability effect on the temperature profile, equations 2.32.
! The "best"™ momentun and sensible heat flux dissipation aethods
are to be deterained by comparison with u*FLUX and <wtDFLUX from
the direct eddy correlation ameasureaents. Hovever, the
dissipation and Reynolds flux systess are not entirely
independent, bhecause they sbare the sanme sensors. In order to
coaglete the intercomparison of +the nethods, u*DISS is also

checked with eeddy correlation measuresents cf u* froa the BIO

systes.
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It is essential to the intercomparison that the rums be as
nearly simultaneous as possible. The dissipation runs are
chosen to begin between 0 and 4 minutes before the start of the
flux run and in most cases the starts are within 2 minutes.
They last for 56 minutes if the flux rum consists of four, 13.5
minute, consecutive groups and for 44 minutes in the fev cases
that only three groups comprise the run. These times become the
averaging periods, < >. The dissipation, €, is taken as the
average of the three individual values obtained by substituting
the average power, <P>, from each Gill-u band-pass filter, into
equation 3.7. The separate values never differ from their
average by more than 15% and a difference of more <than 10% is
found in only 10 runs. With both (fu(fc) £cS3) and u*2
proportional to €23 (equation 2.23), their average values differ
from those derived from a single band-pass filter by 1less than
10% and usually by less than 7%. The deviation in (%u(fc) £csSB)
is probably due to the spectrum*s fluctuations about a -5/3 line
and the average € should be a good measure of the molecular
dissipation. Values of the dissipation of tenperature
fluctuations are calculated from equation 3.6 using only filters
that lie entirely in the -5/3 region of $t(f). Thus, Nt is
often an average of only 1 or 2 separate estimates and therefore
may not be as reliadle as €. In order Ior the calculated
(Pt (fc) £c%B) values to agree with individual band-pass filters
to within 10%, the average, Nt, must not differ from each
individual estimate by more than 10% (equation 2.23). Equation
2.33 shows that 10% deviations in both $t(f) and SPu(f) will

produce a 10% deviation in the calculated <wtd.
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S.2 The Momentua Plux

At neutral stability all four mosentua flux methods are
equivalent and in non-neutral conditions methods 2, 3 and &
sinrly adjust the neutral approximation, method 1, by a function
of 2/L, figure 1. u*DISS1, equation 2.24, is the simplest
calculation and it is plotted against u*PLUX in figure 21.
There is generally good agreement betveen the two calculations
from the 192 simultaneous runs, for vhich Z/L is usually betveen
=0.45 and 0.20. A 20% deviation in the u* estizations £from a
1:1 relationskip is indicated by the dashed lines, wvhich satisfy
the equation

Ix-yt /7 [ (x+y) /2] = 0.2, (5. 1)

vith x=u*PFLOX and y=u*DISS. In view of the errors inm Doth
methods, deviations of this magnitude are expected. Points at
the higher u* values rarely fall outside the dashed lines. It
appears, therefore, that the neutral dissipation method provides
a very good estimate of momentum fluxes greater than about
u*2=0.16 (m/s)2, vhich occur at wind speeds above about 11 a/s.
The smaller fluxes span a greater stability range and the
cluster of paints lying above the upper dashed line, with u*<0.4
a/s, come from the most stable runs. Apparently, the
assuaptions of dissipation metbod 1, cause a systematic error in
stalle conditions, vﬁich tends to smake u#*DISS1 significantly

greater than us*rLUX.
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Method 1 should be valid over a range of "near neutral®
stabilities vhere the buoyancy and tvo vertical divergence teras
of the turbulent kinetic energy equation and the effects of 2/L
on the velocity profile are either small or tend to cancel one
another. The extent of such a regime is investigated by
grouping the simultaneous runs according tc Z/L(oT) and seeing
over vhat range u*DISS1 and u*FLUX agree on average. On the
stable side it is observed to extend to Z/1=0.05 as shown by
figure 22A. The solid triangles, representing the runs with
0.04 <Z/L< 0.0S, are still shoving reasonable agreement. For
2/1>0.10 every run gives u#*DISS1 greater, often by =more than
20%, than u*FLUX and a stability correction that reduces u*DISS
is necessary. On the unstable side, figure 22B shows that down
to 2/L =-0.10 use of the neutral equation is acceptable. The
agreerent is evident in the ramns with -0.1 <2/L< -0.05 (solid
triangles). Buns in the -0.3 <2/L< ~0.1 range are not included
because u*DISS1 tends to be samaller than u*PLUX by an average of
about 10%. Hovever, in more: unstable coanditions <the two
calculations again tend to agree. A combination of figures 22A
and 22B shovs that in a "near neutral® regime, -0.1 <2/L< 0.0S5,
u*DISS1 gives a very good estimate of the momentum flux without
an explicit knovledge of <the stability. Extension of the
unstable limit dowvn to at least Z/l=-0.8, introduces very little
€Iror. This 4is a useful result, because open ccean conditions
are often within this range and bhecause an accurate Z/L is not
alvays available. It 1: only in rather stable, Z/L>0.0S, and
pecthaps in vo:y unstahle stratification, that the nentrall

app:oxiuations canso appreciahlo orrors.l
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Fortunately, estimates of 2/L (AT) are available for all the
simultaneous runs. Under stable conditions the buoyancy teram of
the turbulent kinetic energy equation (2.19) is a sink, so there
is actually nmore production <than is lost throuagh dissipation
alone and the 1larger production gives 1larger u* estimates.
Another effect of stable stratification is to reduce the asmount
of flux associated with a given velocity prcfile, so the u*
estimates become smaller. Method B (equation 2.27) incorporates
the buoyancy term and method 3 (2.26) the effect on the profile,
wvhile method 2 (2.25) does both, with the profile effect
doninating.' Thus, in stable conditions, u*DISS4> u*DISS1>
u*DISS2> u*DISs3, as 1is clearly shown by figure 1. It is
observed that in the stable runs u*DISS1 tends to be greater
than u*FLUX, so only wmethods 3 and 2 can provide the proper
adjustment. The u* estimates froa both these smethods are
plotted against o*FLUX for all 88 stable runs in figure 23.
Both dissipation methods appear to give equally good. agreeaent,
establishing that the local production nearly equals
dissipation, on average, with both the divergence and buoyancy
teras of equation 2.19 being small. Hovever, method 2 is
preferred because it does account for buoyancy, its adjustment
is smaller and its assumption, that the tvo divergence teras

balance, 1is supported by McBean and Elliot's, 1975,

observations.
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During unstable conditions the roles of buoyancy and the
stability modified profile, on the dissipation estimates are
reversed, with u*DISS3> u*DISS1> u*DISS4. Pigure 1 shows that
in method 2 the effect on the profile still dominates down to
Z/1==0.1, vhen the buoyancy finally becomes an important source
of turbulent kinetic energy. At about Z/L=~-0.4, u*DISS2 becomes
less than n*DISS1. Throughout the unstable range cf the ruams,
u*DISs2 differs from u*DISS?1 by less than 10% and qualitatively
it is the only method that provides the appropriate stability
refinements. Method 3 clearly gives far too large a u* in the
more unstable cases. The u* estinates from methods 4 and 2 are
plotted against u*PLUX for the 104 simultaneous unstable rums in
figure 24. The agreement of method 2 is excellent and the
scatter is very evenly distributed about the 1:1 1line. This
result indicates that the divergence terms also tend to cancel
in unstable conditions as suggested by McBean and Elliot's
findings. Because u*DISS1 also gives a reasonable estimate
throughout -0.4 <Z2/1L< 0.0S, the effect of stability on the
profile wmust nearly balance the bucyant producticn. Pond
et al., 1971, calculated u* up to 0.3 a/s using method 4, which

is seen to be acceptable, but not applicable to higher u*values.
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Whenever 2/L is available it is evident that, over the
stability range of the intercoaparison, method 2 gives the
"best" estimates of u¥*, henceforth u*DISS and <uw>DISS will be
calculated using this method. PFigure 25 is a plct of u*DISS vs
u*FPLUX from +the 192 siaultaneous runs and a comparison with
figure 21 illustrates the overall effect of <the stability
correction. In the region 0.15 <u*FLO0X< 0.84a/s, the reduction
of u*DISS from the most stable runs greatly iaproves the
agreement, but u*DISS still tends to be greater than u*PLOX. AsS

a consequence, the average of regressions of u*DISS and u*FLUX,
u*DISS = 0.96 u*FLOX + 0.025 m/s,

has a positive offset and the overall average u*DISS:u*FLUX
ratio, 1.03 (standard deviation 0.10), is greater <than 1.00.
The +two technigues differ by at most 28% and usually by less
than 20% in u*, which is abouat the amount of scatter expected.
A 20% error in <uw>DISS and a non~compensating 20% error in
<uwdPLUX give a 20% deviation in u* estimates. It is doubtful
that the u* agreement would be so good if a major systematic
error had arisen from the propeller response correction because
it is of fundamental iaportance to u*DISS, but only secondary to
u*PLUX. Conversciy, the non~-cosine behavior of the Gill
propcllers is a potential source of substantial erzor in

Reynolds flnx noasnrnncnts, bnt not to the Adissipation

estimates, thus the good agroclnnf 1ndicates that it too is

being treated propo:ly. sililarly. it appears as if the lovw

R g4
treguoncy covarianc:s l}. bcinq handlod satisfacto:ily.
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PIGURE 25:

Intercomparison of u#* in a/s from the

method for all 192 simultaneous runs.

"hest"
dissipation (2) and the "best" Reynolds flux (I3)
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i <yw>DISS ‘|

( <uw>FLOX |

i Rind speed i ru-bef}i ; Standard i i 4}
| range (m/s) | of 1l Mean | deviation | Minimum| Maximum|
| | points|| | I | |
| i (N | { | |
— t + + 4 T i
| 8 - 10 ¢ 25 il 1.02 | 0.21 ] 0.68 | 1.89 |
! T ! ! i !
{ 10 = 12 | S8 || 1.1 | 0.23 | 0.68 | 1.58 |
| l 11 i i | |
— } d 5 + + T 1
| 12 - 14 | 32 11 1.05 | 0.16 I 0.79 | 1.34 |
! | l{ { | 1 l
I 14 = 16 | 18 |{ 0.97 | 0.13 | 0.76 | 1.23 |
l i {1 l I 1 |
- $ +t { $ v {
i 16 - 18 | 17 11 1.00 | 0.09 i1 0.79 | 1.10 |
| { 1 | | | (
H t + ¢ + Y {
1 18 - 20 | 9 11 1.01 | 0.14 i 0.83 | 1.36 |
| i I | l | |
+ + ++ t -+ + |
'l Overall 1 182 {1 1.05 } 0.17 ] 0.68 | 1.48 |
-1 1l 1 ! ! !

TABLE VI Ratio of dissipation to Reynolds flux estimates of
the mnomentum flux band averaged over 2 m/s wind
speed intervals.

The momentuns flux and drag coefficient are proportional to
<u¥>, so trends in the <uw>DISS:<uwdDFLUX ratio are investigated
by averaging the ratio over wind speed and stability bands in
tables VI and VII, respectively. In order that the band means
are not unduly wveighted by individual runs with atypical ratios,
only those runs whose ratios fall within 22 standard deviations
about a coamplete band average are used to calculate the means,
standard deviations and ranges in tables VI and VII. In table
VI, the overall average of 1.05 and standard deviation, o, of

0.17, are gquite acceptable. A o of 17% 4is comparable to the

'Y ol
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| <uw>DISS |
I <uw>FLUX |
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| | K| I | | |
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| 0 0.05 ¢ 59 1 1.06 | 0.17 i 0.76 | 1t1.40 |
| | 11 | S | | |
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4 1 L3R | A | L 8 u 1
| €.C5 0.10 ] 18 |1 1,16 | 0.17 | 0.92 | 1.53 | {
| | 11 | i | |
t —t —+¢ $ t T i
i 0.10 ©C.20 | 6 11 1.34 | 0.33 1 0.87 | 1.65 |
| | 1 | { 1 | ,
[N A AL L A v . | i

TABLE VII Ratio of dissipation to Reynolds flux estimates of
the momentum flux band averaged over stability
ranges.

expected error in each method and the mean is less than o073

greater than the desired overall average of 1.00, despite the

large ratios that occur during lover winds when stability has
its greatest range. Othervwise there is no systematic trend with i

vind speed, although the range of the ratio seeas to decrease

with increasing speed. At the higher wind speeds vhere
stability should always be near neutral the band aeans are about

1.00. Therefore, it seems likely that any wind speed dependency

of the drag coefficient observed in dissipation results wounld
also be found in corresponding eddy correlation measurements.
Table VII shows that, as expected, the stable runs produge the
largest average ratios. Pigure 1 shows that switching to

dissipation method 3 would not greatly alter this result (4% in
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the 0.10 <2/L< 0.20 band). It is possible that the higher

ratios are caused by underestimating <uwDPLUX with the I3

method. As Z/L increases, the proportion of covariance at high

frequencies and, hence, the aaount 1lost through incomplete
sensor response corrections also increases, but the effect
should not exceed 5X. It has been shown in section 4.5, that,
on average, Es=1.005 +reats the 1lowv frequency covariance
adequately, but the four runs that give such a large average to
the ©post stable band of table VII occurred nearly sequentially
(runs T174, T175, T176 and T178), so the band does not
neccessarily reflect average conditions. Since there are no
fluctuating temperature data froam these rums, 2/L(AT) could be

underestimating Z/L and causing overestimates of u*DISS.

In order to complete the intercomparison of methods it is
important to showv that the observed agreement cf figure 25 does
not depend on using the sane sensors. Dr. S.D. Saith of the
Bedford Institute of Oceanography has kindly allcved some of his
eddy correlation measuresents of u*, u*BI0, fror ¢the tover
(Smith, 1979) ¢to be compared to simultaneous dissipation
measurements. The runs overlap as do the Reynolds flux runs and
are typically about 34 minutes in duration. The BIO =mark 6.4
thrust anemometer operated from October 7 to December 8, 1976.
In figure 26, u*DISS is plotted against u*BI0O for all 20
sisultaneous runs froa this period. On average, the agreement
is excellent and the scatter is no larger than expected
considering the addition of calibration errors and the
separation of the anemoseters by about 2 a. A direct comparison

of u*PLUX and u*BIO values is not possible, because sisultaneous




FIGURE 26: Comparison of u* in ms/s fioa the dissipation system
and from the BIO eddy correlaticn system from 20
runs on the Bedford tover.
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measurements are rare, hovwever the dissipation intercoaparison
gives a favourable indirect one. These conclusions ought to be
qualified by noting that there are disagreements vith the mean
vinds froa 1later BIO data vhich are still to be resolved. The
u* comparison of these data shows u*DISS to be greater than

u*BIO0 (often by more than 20%) in 28 of 30 rums.

5«3 The Sensible Heat Flux

The sensible heat flux is estimated using the ¢two
dissipation methods for the 60 siamultaneous temperature ruans and
these are coapared to <wt>PLUX in figure 27. The dashed 1lines
satisfy 5.1 with x=<wtODFLUX and y=<wt>DISS, indicating a 20%
deviation of the acfual fluxes from the solid 1:1 1line.
<wt>DISS, the neutral approximation, is clearly, on average,
more negative thanm <wt>FLUX (figure 27A). Method 2 applies a
rather large correction for the influence of stability om the
tesperature profile, baut figure 2 shows the adjustment to be in
the proper sense in both stable and unstable conditions. A

regression of <wt>DISS2 against <wt>FLUX (f£figure 27B) gives °
<wt>DISS2 = 1.04 <wt>FLOX,

with a correlation coefficient of 0.99. The agreesent is
resarkably good considering the errors in both methods and the
sensitivity of <wt>DISS2 to the rather uncertain Z/L(4T). These

results suggest that <the turbulent <transport <tera in the
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temperature variance budget is itself small and that it caannot
compensate for changes in the local production of <temperature
variance due to stability. In the ramnge -0.03 <Z/1< 0.05 the
correction to <wt>DISS1 is less <than 10% and, if necessary,
method 1 could be used to estimate the sensible heat flux
vithout an an explicit z/L. Hovever, method 2 gives the lLetter
estimate and will alvays be used to calculate <wt>DISS. The two
points in the fourth guadrants of figures 27X and 27B illustrate
an inherent difficulty in finding small fluxes with the
dissipation method. <wt>DISS is calculated frcm equation 2.32
and the sign of the square root is chosen so as to force <wt> to
have the same sign as AT = TSFC-TZ. However, it is cossonly
observed in eddy correlation measurements that <wt> is between 0
and +0.05 °Cm/s when AT is slightly negative. There have been
very fev nmeasurements of large sensible heat fluxes over the
sea, but the excellent agreement in figure 27B, wvhen the
magnitude of the flux is large, strongly suggests that this

measurement may be done using the dissipation method.

The low and high frequency teaperature fluctuations affect
the sensible heat flux calculations in the same manner as the
velocity variations affect the momentua flux. Similar arguments
regarding non-cosine behavior, sensor response and lov freguency
covariance lead to the conclusion that the teaperature elements
of both the Reynolds £flux and dissipation sjstens must be
perforaing properly in order to achieve the observed agreement.
With no 1large systematic errors in evidence, <vwt>DISS and
<wt>PLUX should both be giving representative estimates of the

sensible heat flux.
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As previously noted many temperature runs have not been
processed because of suspected salt contamination of the
microbead. In a few of these cases the temperature band-pass
filters unexpectedly display a ~-5/3 drop to within 10%. The
band-pass filter check is, therefore, a necessary, but
insufficient +test for this behavior. This is unfortunate
because it restricts dissipation temperature measurements to
periods when the temperature spectrum can be obtained from the
Reynolds flux systesn. A possible means of overcoming this
problems would be to average the output of another band-pass
filter centered at about n=0.02 for comparison with the outputs
of the filters in the -5/3 range. It is also interesting to
note that <wtd>DISS and <wt>FLUX are in good agreement in some
unstable contaminated runs, albeit both seem to be somewhat

high.

It is expected that the largest dissipation errors are in
the constants and the assumptions. The fact that there are no
major persistent errors, suggests that the combined errors in
the constants is not very large. This is suppcrted by equations

2.29 and 2.33 which show <wt>DISS to be proportional to

( KZ )3 (Bt*)-yz u*DISS .

I1f, for example, the Kolmogoroff constant, Bt!, was greatly in
error, u*DISS would be expected to be mcre accurate than
<wt>DISS and hence, in better agreement with Reync is flux
calculations. The results, figures 25 and 27B, do no: support

this. Similarly, K and 2 appear to be reasonable. 0f ccurse

M—‘ ] v . - soniin, ndinaid
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there could be major offsetting errors, or the constants may be
highly variable, but it seeas more likely <that it is the
assumptions which are the wmost uncertain aspect of the
dissipation method. It is also probable that much of .the
scatter in the u* and <wt> intercomparisons originates with the

Reynolds flux values.

On average, the Reynolds flux and dissipation methods give
nearly the same nomentum and sensible heat fluxes. In addition,
both the dissipation and Reynolds <£flux systems appear to be
functioning as expected. With the possible exception of u* froa
the most stable cases (Z/1L> .05), the estimates of <uw> and
<wt>, by both techniques, should be reliable and free of major
systematic errors. It is, therefore, possible to have
confidence in +the dissipation system vhen it is operating on a

ship wvhere the Reynolds flux method is not practicable.




CHAETER 6 DISSIPATION MEASUREMENTS FROM THE BEDFORD

STABLE TOWER AND CCGS QUADRA

6.1 Introduction

The dissipation system has provided a great deal more data
from the Bedford tower than the Reynolds flux systeam, because it
continuously records and has proved to be more reliable. 1In
addition, a considerable amount of dissipation data has been
collected at YPAPAY, In total 1086 hours of momentum flux
measurements from the tower and 505 hours from the weathkership
are found to satisfy a variety of criteria for data reliability.
only 237 hours of tower data and 23 hours from CCGS Quadra are
found to be suitable for sensible heat flux calculations. There
are several long periods of continuous recording which make it
possible to investigate the time histories of the fluxes, winds

and temperatures.

Only data from the horizontal, Gill-u, fprcpeller are used
to find the dissipation, €, and hence momentum flux. Because of
the greater uncertainty, it is not worthwhile including the
moderate wind speed measurements from <the tilted, Gill-w,
propeller that are available from the few periods when the
horizontal propellér failed. The tower analysis is 1limited to
wind speeds greater than 8.0 m/s. At lover winds the Gill-u
propeller is still in its linear regime, but the sensor response
corrections become very large and it is not impossible for the

thickness of the "constant £flux" Jlayer to fall below the

anemometer height. On CCGS Quadra <the measurement height is

Paleswrsrin- g nunain
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nearly twice as high, so the lianit is set at 8.0 m/s. A further
Testriction regquires the stability to be in the range -0.6 <Z/1<
0.15. At 2/1=0.15 dissipation momentua flux calculations
require a correction for stability of about 25% (figure 1).
This adjustment is supported mainly by the Reynolds flux
intercomgparison, vhere Z/L is greater than 0.15 for only three
runs, and also by KcBean and Elliott's, 1975, measurements, that
include only three stable runs with the highest at Z/1L=0.12. It
is, therefore, dangerous to extrapolate these findings beyond
Z/L=0.15, where the correction becomes even larger. On the
unstable side there are 21 runs in the McBean and Elliot study
and 104 rums in the section 5.2 intercompariscn, with the nost
unstable at 2/1=-0.3 and -0.45, respectively. At Z/L=-0.6 the
stability adjustment is still less than 10% so it should be all
right to extend dissipation method 2 at least this far. This
criterion effectively sets the outer 1limits of sensible bheat
flux calcunlations, because they require € from Gill-u. The
stability corrections to <wt>DISS are 1.8 at Z/L=-0.6 and 0.75
at 2/L=0.15 (figure 2) and although these are substantial, they
are strongly supported by the work of Wyngaard and Coté, 1971,
vhich consists of runs froa 2Z/L=-1.1 to 2Z,/L=0.84, and the
intercomparison of section S5.3. Teaperature data are also
rejected if there is any evidence of salt contamination of the
microbead or if the rod and bead thermistors do not agree, on

average, to within 20.1°C.
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In processing a dissipation momentum [ temperature)] run from
either the ship or +tower, 20 @minute averages of all Gill-u
[temperature microbead] band-pass filters in the -5/3 range of
$u(f) [ft(f)] are used to find independent values of the
dissipation of turbulent kinetic energy [ temperature
fluctuations] from equation 3.7 [3.6]). These individual values
are averaged together to give the &€ [Nt] necessary for the
calculation of the momentum flux [sensible heat flux] from
equation 2.28 [2.32]). However, if any separate band-pass value
differs from € [¥t] by more than 15% [10%] the rum is rejected.
This criterion ensures that the spectral values at the
frequencies used fall within 10% of the average -5/3 slope of
the input spectrum and that fluxes calculated from individual
filters are within 10% of the value found from the average. The
20 ainute averages could be used to produce time series of the
fluxes and related parameters, but in practice bhourly averages
are employed because it 1is felt the longer averaging time
increases the reliability of the dissipation method. In order
to obtain the hourly averages, three sequential 20 minute flux
estimates are averaged and then used to calculate the related
parameters. Hereafter, these hourly averages from the
dissipation system will not be specifically denoted, but
referred to simply as <uwd>, <wt>, u* t*, CD, CT and so on. PFor
dynamic flurx calculations ¢the air density @ is found from
eguation 2.35, using the atmospheric pressure from the

meteorological observations from Shearwvater and CCGS Quadra.
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6.2 Bulk Aercdynamic Parameterization Of The Momentua Flux

Hourly averages of u* and UZ and Z/L are used to calculate
010 from equation 2.11 and the neutral drag coefficient, CDN,
from 2.8 and 2.12. These are plotted separately for the tover
and ship data in figure 28. There are very fev extreme values
and most points are obscured by the concentration about a mean
CDN value. Between U110 =4 to 11 m/s the scatter is uniform with
only a few values of 103CDN outside the range 0.65 to 1.5. At
higher wind speeds a tendency for higher values develops and
there appears to be less scatter. Above U10=20 ma/s there are
few points, so +these data wmay not fully reflect average
conditions. Fortunately, in the region 8 <U10< 18 m/s, there is
a very good overlap of tower and ship results which allowus the

two situations to be compared.

In figure 29, CDN is averaged over 2 m/s intervals of U010,
provided there are at 1least 10 runs in a band, and the means
plotted with vertical bars extending up and dowvn 1 standard
deviation. For clarity, tower results (triangles) are just to
the left of band center and the ship points (pluses) to the
right. Over the range 8.5 <010< 20.5 m/s, the band averaged
CDN's from one platform are seen to differ by less than one
standard deviation (but usually less than 1/2 0) from the other
platforn's mean. No systematic errors, such as in the choice of
Z, appear to have been introduced in moving the dissipation
system from the tower to CCGS Quadra. The drag coefficient
agreement alsc establishes that the tower site is, in fact,

representative of open sea conditions, at least up to 20 a/s
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winds. This allows the tover and ship results to be combined
into a single data set of nearly 1600 hours from about 16 months

of operation between September 1976 and April 1978.

Fetch Effects

The tower data of figure 28A include some runs from limited
fetches, wvhose inclusion in the overall data set nmust be
Justified. Up to about 10 m/s, CDN from the tower does not vary
appreciably with wind speed, therefore data in this range are
used to investigate ¢the influence of fetch on the drag
coefficient. The results are shown in table VIII, where the

neutral drag coefficient, CDN, from measurements about 13m above

i Tiunnber ] Mean 103CDN i I ; Azinuthal}
| Fetch | of | +1 standard | 103CDN | 103CDN | range |
] kn) | hours | deviation | Min | Hax | (° True) |
| | | | | | |
+ t t —t { + ]
| | | i | l |
[N 1 - 1 1 i 1
T T T 1] T |
I 20 - 100 | 54 ] 1.10 £.22 ] 0.73 ] 1.87 | 246 - 253
i 1 | 1 l ! 33 - 65 |
t : —t }— : $ —4
I 100 - 200 | 85 j 1.13 .24 | 0.68 { 1.76 | 235 = 246}
| i { | { | |
[ E— 1 i A d ] 1
L T 1 L 1] 1 ] a ]
} Unlimited | 263 | 1.13 $£,22 I 0.62 | 1.75 | 67 - 235]
{ tover | | i l | |
| Unlimited | 291 | 1.18 2.21 § 0.62 | 1.75 | 1
| tovwer+ship| | | { { {
- { + + + : 4
i Tover i 590 | 1.13 2.29 | 0.62 | 2.03 | 0 - 360]
lall fetches| 1 | | | |
[N 1 2 N } A A ¥ ]

TABLE VIII variation of the neutral drag coefficient with
fetch for winds between 4 and 10 m/s.
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the sea, does not exhibit any dependency on fetches greater than
10 ka and, in view of the overall scatter, the Bmeans are very
consistent. This conclusion depends on using CDN, since the
sean C10 froam the 10-20 km fetch range is 17% larger than froa
the unliamited fetch rums, ‘presumably because the offshore winds
tended to be more unstable. The indication is, that for winds
below 10 =a/s, fetch effects are not important if the aspect
ratio, 2/fetch, is at least as small as 10~?. There is also an
indirect implication <that the surface roughmess, 2o, does not
depend -strongly on surface wave parameters that are not fully
developed by 10 ka during 10 a/s winds. The data compiled by
Wiegel (1964, p 216), for fetch 1linited wvaves, show the
significant wave height and the phase speed from a 1000 km fetch
{(fetch g/<U0>2%10%) ¢to be, respectively, 10 and 5 times greater
than expected with a 10 km fetch. The necessity of extracting
the wind speed dependency from CDN coaplicates extending the
investigation above 10a/s, but as the aspect ratio stays the
sape, there should not be a sudden fetch dependency. Towver gata
from all fetches are, therefore, grouped together in all
subsequent analyses. The better statistics resulting from <the
additional data should more than compensate for any sasall fetch

effects. '
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e Stability Effects

Equation 2. 12 defines CDN as a function only of Zo and 2.8
implies C1C>CDN for 2/1<0, C10<CDN for Z/L>0 and C10=CDN at
neutral stability. Table IX indicates that CDN and hence 2o are

independent of 2/L in the unstable case. At 2/1<-0.3, C10

values are clearly higher than the average, but reduction to
neutral stability gives no systematic trend to the mean unstable
CDN*'s, vwhich are reasonably consistent in view of the scatter.
Extraneous effects seem to influence the stable runs to a auch

greater degree. Wben reduced +to neutral, the average stable

i CDN * 1000 H C10 * 1000 |
| il | -]
( T —r} } ++ - ™ '
] Z/L{AT) {Xumberit f Hax 1R I Nax || 3
] range ] of || Mean %100 | Min {| Mean 10 | Min ||
| |hours || | 11 l i 3
5 % % { +4 $ 44 '3
§ | | I i .31 | { 1.52 1
H F { % + + + 44
: | =45 =-.30 1| 35 |1 112 £.19 )] 0.77 ] 1.26 $.22 | 0.86 |}
[ { i I .73 | i 1.98 ||
5 ¢ % + ~++ { —4 4
§] -.30 -.15} 77 1] 0.98 £.16 | 0.67 ] 1.07 2.18 | 0.70 ||
| { 11 1 1.38 |1 I .54 |}
— % +¢ } + - 44
i | i I 1..74 ¢ I 1.83 ||
t 4 +t 4 + 4~ 14
| 0 +.05 ] 104 )| 1.19 2.18 | 0.62 |] 1.16 £.18 | 0.60 ||
| I i I 1.85 || I .81 ||
¢ $ +% : +4 + 44 5
| ! " I 1.79 1| I 1.64 || '
t } 4 { —4t 4 14
| #.10 +.15 | 61 |} 1.23 £.28 | 0.75 () 1.11 .28 | 0.68 || !
(] | i i 2.03 |t [ 1.80 |1 1
[ - N1 I} AL {: A d 3 l

TABLE 1IX The stability dependency of the drag coefficients
from the 4 < U010 < 10 m/s data of table VIII.
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CDE's are larger than the overall mean and they seem to jipncrease
vith stability. Howvever, the large drag coefficients
responsible for this feature are found toc be associated with
rapid changes in wind direction fo}lovinq a stors. Such a
sequence of events may possibly influence parameters importamt
to 2o and merely coincide with stable stratification. A time
series showing the development of these bigh, low wind speed,
stable drag coefficients is presented later (figure 31). The
data suggest that the stability dependence of <the drag
coefficient is well described by similarity theory with 2o
independent of 2Z/L and <that sea surface conditions are the

source of the trend in CDN with z/L found in table IX.

Bind Speed Dependency

In figure 30 the 1591 neutral _coefficients from all the
data are band averaged over 2 m/s intervals and plotted at the
U10 mean (vertical bars shovw £ 1 ¢). The mean C10 v;lues are
similar, because of the almost egqgual numbers of stable and
unstable runs. 1 smooth curve (concave up) with CDN increasing
with U010 could be made to fit these points. However, below
about 10a/s, the slight increase of the average CDN's should be
adegquately described Dby a constant. The higher vind sgpeed
points show a2 =aore rapid rise of CDN with U110, that is
approxisately 1linear <from 10 to 26 m/s. In order to quantify
this behavior, all 618 hourly CDN values wvwith UT10<10 =m/s are
averaged and all 973 with U10>10 a/s are regressed against U10
(correlation coefficient 0.74). All the band averages are very

vell described by the resulting solid line of figure 30:
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103 CD¥ = 103 C10 = 1.14 4 < 010 £ 10 w/s

(6. 1)
103 CDN = 0.49 + ,065 010 10 < 010 < 27 ny/s
103 C10 = 0,46 + .068 U010 ,

vhere the C10 results are included for compariscn. The exact
nuserical values of 6.1 depend slightly on the somewhat
arbitrary choice of a lover wind speed limit for the regression.
Conveniently, with the choice of 10 /s, the line segments
happen to match. The behavior of CDN described by 6.1 is
distinctly different from the dashed curve of figure 30, which
is the Charnock representation with <= 0.0184, K= 0.41 (or
«=0.016, K= 0.8), as suggested by Garratt (1977). Bgquationms
6.1 fit Smith's (1979) eddy correlation data from the Bedford
tover site extremely well. Por winds belov 10 a/s, his average
103CDN is 1.11 from 14 runs (1976-1978) and about 1.24 £from 11
near neatral runs (1968-1969). A regression of all 120 ruas
(1976-1978) between 6 and 22 a/s yields 0.44 ¢+ 0.063 U010 =
103C10. Hovever, the sSable Island results of Saith and Banke
(1975) are significantly higher, suggesting that the Sable
Island site with its surf Zone and perhaps other shallov water
locations: Lough Neagh at 8 to 15 naeters (Sheppard gt al..
1972) , Lake Flevo at 4 meters (Wieringa, 1974), the 10m Caspian
Sea location of Kitaigorodski et a3l. (1973) and the Spanish
Banks site of niyake gt 3l. (1970 a) and Weiler and Burling
(i967),.|ay not be rcpfesontativc of the open ocean situation.

0n10ttunately," almost ail the paeasuresments above 14 a/sg (and

many at lover spoddk);’that iorc available tc Garratt case froa
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these shallow wa ter locations. A number of open sea
measurements contributed to his 10 to 11 m/s band average, which
very nearly lies on 6.1. It also seems 1likely that excluding
the results of Sheppard et al. would give band averages in the 3
to 7 m/s .range that would be adequately described by 6.1. 1In
the range 7 to 10 m/s, the band averages of Garratt generally

run about 20% (less than 1 0°) higher than equations 6.1.

Open ocean measurements used by Garratt (1977) are in
better agreement. From the Argus Island tower, a site similar
to the Bedford tower, the overall average of 69, near neutral,
Reynolds flux CD's at 7.5m is 1.24x10-3 for wind speeds from 4
to 10 m/s (De Leonibus, 1971). The corresponding value of C10
is about 1.17x10~3. Brocks and Krigermeyer (1970) present C10's
from 152, near neutral, 15 minute profiles over the Baltic and
North Seas and the Equatorial Atlantic measurements (787, near
neutral, 10 minute profiles) of Hoeber (1969). Equations 6.1
are within +the scatter, but generally lower by 10 to 15%. The
overall average 103C10 from Hoeber (5 to 11 a/s) is 1.23%0.25
and his band averages agree very well with those cf figure 30,
except between 5 and 6 m/s vhere an average of only 11 points is
1.48, With 2/3 of his profiles unstable, CDN may average a few
percent 1less. Averaging the Baltic and North Sea data (4 to 12
m/s) gives 103C10 = 1.30%0.18, but there is a slight trend with
wind speed. The Bass Strait site of Hicks (1972 A) ought to be
representative of the open sea, hovwever his wind sreeds are
reduced by u* to account for surface drift. If the eddy
correlation drag coefficients are reduced by about 7%, they then

conform to the CDN's of figure 28 and the 30 values bletween 3

!
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and 8 a/s then average 1.13x10-3, hovever 6 runs frcam 8 to 10
a/s average about 1.4x10-3, Garratt also uses the 18 eddy
correlation rums (3 to 11 m/s) from Hasse (1970), quoting an

average of 103C10 = 1.21 £20%.

The two data sets used by Garratt that remain to be
discussed are oren sea studies from R/V FLIP, however, they are
not independent. Because of flow distortion due to PLIP,
Paulson et al. (1972) use an eampirical correction factor chosen
so that their average <uw> (from profiles) and the average of
corresponding eddy «correlation measuresents froa Pond
et al. (1971), are equal. The latter data (20 runs) give an
average CD at about 8 meters of 1.52x10-3 in winds between 4 and
8 a/s and slightly unstable conditions. The equivalent average
CDN is expected to be about 1.3x10-3 with a 20% variability.

Accordingly, Paulson gt al. f£imnd 103CDN = 1.32 for 19 ruas.

It appears as if the major source of the disagreenen;
betveen the data of figure 28 and the data used by Garratt
(1977) is that the latter includes nmeasurements from cnshore and
shallov water (less than 15 meters) sites. Egquatioans 6.1 are
consistent with most of the deep water (more <than 50 naeters)
drag coefficients to wvithin possible measurement error. The
discrepancies suggest a slightly higher drag coefficient at wind
speeds belov 10 a/s. In contrast, recent aeasurements (10
hours) in Bass Strait (Antonia @t al., 1978) in wvinds between S
and 10 a/s and -6.1 <Z/1< 0 give an average 103CD at 5 meters of
1.05 and 1.25 (about 0.9 and 1.1 at 10 meters) froa the Reynolds

£flux and dissipation methods, respectively. Since a constant
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CDN is a good fit to most individual data sets, it is likely to
remain a good description of the overall open ocean situation
below about 10 m/s. The "best" constant to use is debatable,
but it should be in the range 1.1x10-3 to 1.3x10-3. The average
103C10's (neutral or near .neutral) from all the discussed open
ocean; eddy correlation, dissipation and profile measurements in
winds 1less than 10 to 12 m/s are about; 1.17 (178 runs), 1.14
(626 hours) and 1.24 (958 profiles, 188 hours), respectively.
The overall average is 1.20, but only 1.17 if the results from
Hoeber and from Brocks and Kriggermeyer are weighted by 1/6 and
1/4, respectively, to make them comparable to hourly values. At
the higher wind speeds, the vast majority of the open sea drag
coefficients come from Smith (1979) and figure 28, which are
both well described by 6.1. It is an interesting feature of
6.1, that an extrapolation to 50 m/s fits the hurricane and wind
flume ;data compiled by Garratt (1977) as well as a continwvation

of the Charnock line of figure 30.

The Variability Oof CDN And Zo

It wmay be possible to describe turbulence and the drag
coefficients with a variable Zo, although this is expected to be
difficult and there are no measurements of surface coanditions
avajilable. The wind speed dependence of CDN above 10m/s shows
that a constant Zo is not applicable. A Charnock representation
with<=0.0123 (K=0.40), passes vwithin :1 standard deviation of
all <the band means of figure 30, but its predicted low wind
speed behavior is not observed. A Charnock line with o< =0.008

fits the region from U110 = 11 to 17 m/s fairly wvell, but then
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falls off much too quickly to account for the values up to 26
n/s. The CDE's to 50 m/s in Garratt (1977), require << to be
about 0.016. CDN is very nearly a constant, 0.00114, for &
<U010< 10 m/s, as is the average of C10. This behavior may be a
consequence of highly variable sea surface conditions tending to
make 20 increase with decreasing wind speed and balancing, on
average, the tendency of lower u* values tc make it smaller.
Above 10 m/s, the important parameters seem to change character,
so that 20 varies with wind speed, producing the observedA near
linear rise in CDN with U10. It may be possible to describe Zo
by a Charnock formulation with o< an experimentally deteramined

function of various surface parameters.

To explore the influence of the sea surface on the
turbulence above it, it is useful to examine the time histories
of the vwinds and fluxes. Ar example, with hounrly averages, is
run D33C, figqure 31. The drag coefficient is seemn to vary quite
smoothly vith time, such that the random variability about a
running average over a few hours is o¢nly about 10%. The
increase with wind speed is evident from hour 6 to 21. In
addition, CDN is seen to behave very differently on the rising
vind than it does when the‘vind speed is dropping. The £falling
wind is also accoampanied by an almost complete reversal in
direction and it is this situation that gives rise to <the bhigh
drag coefficients at lowv wind speeds. The picture of lower than
average drag coefficients on the rising wvind and higher ones on
the falling wind is also supported by runs D290 and D31F,
figures 32 and 33. Denman and Miyake (1973) observed that drag

cosfficients tended to increase on the leading side of a stora,
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then either remain constant or decrease slightly. This is also
a iety apt description of the time series in figures 31, 32 and
33. The scaling arguments of section 2.1 predict that the
difference between the 10a and surface momentum flux should be
greater (giving 1lowver coefficients), on <the falling wind.
Apparently the increase in 20 in this situation 4is more than
enough to overcome this loss. It is possible to speculate that
Zo depends on surface parameters that, as the wind speed falls,
resain near their "old" values produced by the previously higher
vinds. If << vere dependent on the toial vave generating force
and bence U10-Cw (section 2.3), vhere Cwv is the component of the
vave speed in the 1 direction, it would be very sensitive to
sudden changes in wind direction, because these would tepnd to

make Cw smaller and perhaps even negative. It appears likely

that some of the observed scatter in drag coefficients is due to’

the influence of the past history of the wind as "remesmbered®™ by
the sea surface. With access to vave spectra, Denman and Miyake
(1973) concluded that the drag coefficient was dependent on the

nature of the wvave field to the order of 20%.

In order to examine their influence on the average CDN,
tover data from various wind conditioné are presented in table
X. Unfortunately, above 15 &»/s there are too fev data for
meaningful averages. Winds of "constant speed" and "coastant
direction® are allowed to have & a/s and 30 degree ranges
respectively. Data used in the "after direction changes"
category are from the six hours following a change in direction
of at least a 60 degrees in less than two hours. Peak vinds are

included in the rising vinds. The suggestion is, that either a
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WIND SPEED BANDS (M/S)

I
!
T

L e 1

| 1

| |
L i Ly % L} L] :
{ Wind | Regression | | 1 | |
] conditions | and | 4.5-71 7-9 | 9-11 | 11=-15]§
{ (number of hours)| correlation | | | { |
1 L L L ] 1 ) ]
1 T v L) v Ll Al
] All tovwer data |.79 +.043 U10] 1.11 | 1.13 | 1.17 | 1.33 |
| (1086) 1 «59 | (176) | (264) § {(259) | (247) |
| | l l | | l
t + + + -+ —~t -
| Constant speed 1.71 +.089 010§ 1.03 | 1.93 ] 1.14 | 1.3%1 )
{ and direction | 60 } (31) 1 (68) | (Y | (59) 1|
i (253) | | | { | |
+— t t { -+ —t |
| BRising winds j.64 +,054 T10] 1.01 1 1.11 ] 1t.18 | 1,25 ]
| (167) l .70 1 (22) | (33) 1 (31) ¢ (u9) 1|
| | | i t |
¥ { + 1 + + |
} Rising wind {60 +.055 010§ 1.08 t 1.17 1 1.10 } 1.24 |
| steady direction] «67 1 (3) 1 (1S) 1 (18) | (29) |
l (81) l ! ! | | |
T k] 1| 1 ] L R |
{ Falling wind l«98 +.036 U110 1.40 | 1.25 1 1.28 | 1.38 1
| (1) | «51 | 3) 1 (12) | (24) 1 (u9) |
| | | | | l |
t { } 1 + + . |
{ Falling wind {1.054.025 U10] 1.31 § 1.28 ¢ 1.29 | 1.34 |
| steady direction] +36 | 2) 1 8) 1 (18) | (29) |
1 (80) l __l 4_1 ! | |
| ) L] 1 T RS R |
| After direction | ] 118 | 1.34 | | 1.60 |
| changes | I (22) 1 (12) | 1 (16) |
| (60) | | | | | |
(s ) 1 AL 4 . N 1 N |
TABLE X Mean 103CDN of wind speed bands in different wind

conditions. Bracketted values are the number of
hours contained in an average or regression of CDN
against 010.

direction change or a falling wind tends to produce higher than
average drag coefficients. Table X also indicates <that if
observations were available only during rising winds with
constant direction, as may be the case in some data sets, the

average CDN value for 7 <U10< 11 m/s, would be about 4% 1lowver

than given by 6.1. The observations of CDN during rising winds
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show a systematic rise with wind speed and a regression of CDN
against U10 gives 103 CDN= 0.64+ 0,054 U110 with a correlation
coefficient of 0.70. Thus, if only these data were available
one could easily conclude <that <the average drag coefficient
increases 1linearly with wind speed even belov 10 m/s. Such a
trend may also emerge even if data with constant speed and
direction are included. Similar effects are expected at the
higher speeds too, so in order to arrive at a realistic mean
drag coefficient for all vind speeds it is imperative that
measurements be pade during all likely wind conditioms. 1It is,
therefore, possible that drag coefficient formulations may vary
with location and time of year, with the break from a constant

to a linearly increasing CDN being quite variable.

The tover data is also sorted into monthly groupings in
table IXI. There is no <trend in the September data.and the
average CDN's are lower than those of the other amonths. There
is a reasonadbly significant trend in the October data throughout
the entire wind speed range. The high CDN's at lowv winds are
evident in the December results, while March seeas tc reflect
average conditions, table IX. The results of experiments
conducted at different times of the year nmay, therefore, be
considerably different, possibly because wind condigions vary
throughout the year. It would be desirable to include data froa
every month in any drag coefficient formulaticn. Unfortunately,
no measuresents from May <through August are available froa
either the tover or <the weathership, but the high wind sgeed
torluiation should not be affected as these are not ‘the months

vith the greatest vinds.
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WIND SPEED BANDS (M/S)

- am g = e o

i
|

— T ¥ + + $
] Wind | Regression | | { |
] conditions { and {1 57 | 7-9 | 911 | 11-15
| (number of hours)| correlation | 1 ] [ |
| September 11.05¢.001 U10] 1.07 | 1.08 | 1.05 | 1.06 |
| (241 | -008 I (94) 1+ (79) | (87) 1 (21) |
| i | | § | i
t+ l ¢ +— + — |
[ October 1«83 #.047 U10] 1.11 | 1.16 ] 1.30 | 1.45 |
I (131) | «65 I (28) | (25) 1 (28) 1 (34) 1
| | I R T
| December 1.78 +.064 U10] 1.22 | 1.4 | 1.14 ] 1.33 |
| (251) | - 62 1 (20) 1 (42) 1 (53) I (73) 1
| | 1 ] | i |
t + + +— + 1 1
I March 177 +.068 U10] 1.12 | 1.18 | 1.17 | 1.31 |
lI (27) | «65 1 (28) § (49) 1 (96) | (70) |

| | { | { |

TABLE IXI Mean 103CDN of wvwind speed bands fcr different
months. Bracketted values are the number of hours
contained in an average or regression of CDN
against 010,

he Empirical Drag Coefficient

The investigation of the tower data has shown that neither
stability nor fetch (greater than 10 km) have a significant
effect on the average ne;tral drag coefficient. It has been
demonstrated that much of the variability in CDN neasuremeats,
not only between individual data points, but between entire Jdata
sets, may be due to the influence of the surface wave field.
Hovever, it appears as if the measurement of the inportant
surface parameters c¢ould possibly be more coaplicated than
direct momentum flux measurements. An important paraaseter that

can be practically incorporated into a neutral drag coefficient

forsulation is the wind speed.

e i o e e e




143

The empirical CDN formulation of 6.1 gives bulk estimates
of the rzomentum flux from the wind speed, UZ and stability,
2/L(AT), following the procedure outlined in section 2.3. An
iterative technique is used to solve equation 2.15 for U10. Por
the first pass U10'= UZ/ [1+ 0.1 K(2,2/L) ] is assumed (CDNY2/ K
%0.1), giving a CDN' from 6.1. On subsequent iterations (never
more than 3) U010' is found from 2.15 using the CDN' cf the
previous pass until successive U10*' values change by less than
1%. CDN' fronm thg final pass is substituted into 2.14 to give a
CD, which gives the momentur flux through 2.9. Bulk estimates
are to be compared to direct estimates in later time series that
include data with -1.0 <2/1.< 0.3. The stability need not be
included in the U010 calculation, because the maximum stakility
of the ship data is only 0.08 and on the tower, vwhere
stabilities are higher, the reduction is ornly frca 13 to 10
meters, therefore, (section 2.3) the worst error is less than 2%
in 01C and about 1% in CD and <uwd. The error in 2Z/1(al)
(section 4.1) introduces an error in CD of about 5%. 1A 2% error
in U0Z becomes 4% in <uw>. The large standard deviations in
figure 30 and the range of previous measurements, suggest that
any CDN formulation has at least a 10% uncertainty. The
conbined error in bulk estimates from equation 2.9 are,
therefore, greater than 15% as are the errors in direct
estimates. Although individual bulk estimates may differ froa
direct dissipation or Reynolds flux measurements by S0% or aore,

there should be reasonable agreement on average, albeit the

necessary averaging period may vary with time and place.
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Coprarison Of Hethods

.In all the time series presented, figures 31 to 34, the
nomentua flux or BReynolds stress, (in E/m2 or pascals, Pa) is
calculated from the dissipation nmethod (pluses), from the
Reynolds flux method (sguares)'and from the bulk formula of 6.1
(solid line). Run D29D, <figure 32, is a <typical September
situation. During the unstable conditions of the rising wvind
(to hour 22) the bulk foramula gives a total asomentum input of
2.23 N-hr/am2, which is 34% bhigher than found £from the
dissipation calculations. Upon reaching the peak winds the tvo
methods are in much better agreement and the deviation over the
whole run is reduced to 18%. A front is passing the tower in
D33Cc (figure 31) and a similar situation occurs, but with the
rising and falling wind effects balancing, the overall deviation
is only 1%. In D29D the falling wind and changing direction
effects are not great enough to make the average stress £ros the
two methods equal. It would be expected that these influences
are strongly felt after the passage of 1lov pressure systeas,
because as centers pass the winds gquickly fall, then regain
velocity as the direction changes after which they drop off
slowly. A low pressure center is passing to the vest of the
tover, froa south to north, in D31F, figure 33. Unfortunately
the earlier winds from the east vere obstructed by other
instrumentation on the tower. Stability is alvays very nearly
neutral or slightly stable and should not have been a factor in
causing the large observed stresses that give a total ascszentua
input over the period shown of 6.5 B~hr/m2, which is 12% higher
than given by the bdulk calculations. A run <£rom BNarch 1977,
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D38B, figure 34 shows that all three methods canm be in excellent
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agreement over a long period of time provided the wind is
reasonably steady. Over this period of nearly two days, the

cusulative momentum input from the dissipation calculaticas is

less than 3% higher than that found froa the bulk formula.

In general the BReynolds flux sethod verifies the

; dissipation calculations, but an exception is found at hour 28 i
of run D29D, figure 32. The flux rum, T61, is an average of
only 3 groups (80 nminutes) starting 15 wminutes after tﬁe
beginning of the hour 28 dissipation average. In this 15 minute
interval there wvas a sudden 4 m/s increase in wind speed, which
the bourly averaging smooths. The siaultaneous dissipation run
does agree with T61 (Appendix), illustrating that identical time
intervals are regquired for intercomparisons. The £flux run,
T112, at hour 14 of rum D33C (figure 31) is also found to be in
E auch better agreenment with its simultaneous dissipation run than
vith the hourly average. nun-D33c discloses a saapling problen
associated with the tower operation of the Reynolds flux systesm.
Most of the lov wind speed runs were collected in September when
the drag coefficients tend to be low. Later, vhen the more
variable vinds seea to produce some very high coefficients at
wind speeds below .10 m/s, the Reynolds flux systea wvas prevented
from recording by the wind speed 1limit setting. Thus the
Reynolds flux data set (figure 19) tends ¢o be' biased toward
ssall CD*'s, relative to 6.1, at the lov vind speeds and to l
exhibit a tremnd with wind speed over the vhole range of }
Reasuresents. Above the saximum vind speed linit setting (12

a/s) 6.1 f£its the data of figure 19 very well.
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It appears that the bulk aerodynamic method gives good
estimates of the total momentum input or average stress over ¥
periods of a few days or more. The bulk estimate should improve
if measured or approximated stability conditions are included.
It has been shown that in steady winds the hourly bulk estimates

are good measures of the stress, but with more variable winds

they may consistently differ, over periods up to a day, from
dissipation estimates. With comparable error in both methods,
it is not obvious which is the more accurate. It is conceivable
that the varying winds are producing systematic errors in one or i
more of the dissipation method's assumptions and causing the
discrepancies. However, if this occurred it is likely that the
overall scatter of figure 28 would be greater than the scatter
in drag coefficients calculated from other methods, which is not
observed. It is felt that, since at least some of the scatter ;
in measured drag coefficients at the same wind speed is real,
dissipation wmeasurements, although subject <to random errors,
ought to follov changes in the real stress more closely than
bulk estimates. A bulk formula based on long term averages may ‘
not be strictly applicable to short term phenorena, such as wave
development during a rising wvind or the deepening of am inplet's
upper layer following a switch froam down to strong up inlet

winds. In such cases, it may be possiile to devise an

appropriate formulation cabable of providing good bhourly stress
N values vwith ninimal measurement error. A possible nmeans of
incorporating variable wvind effects would be to allov the drag

coefficient to depend on the past history of the wind.
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6.3 Bulk derodynamic Parameterization Of The Semnsible Heat Flux

S )

The sensible heat flux is parameterized in terms cf a
surface -~ air temperature difference. The mean air temperature
at 10a, T10, is obtained from the average temperature at the
measurement height, T2, through equation 2.11. At the Bedford
tover the surface teaperature, TSFC, is approximated by a sea
temperature, TSEA, measured about 10m below the mean sea level,
vhere the heating and cooling of the surface by radiation and
heat exchanges with the atmosphere may not be followed exactly.
On CCGS Quadra a surface "bucket" temperature vwas recorded as
part of ¢the 3-hourly nmeteorological observations. These are
}nterpolated to givg hourly TSEA values, which may be a problen,
because the ship was steaming through large sea surface
temperature gradients during the one run that useful teaperature
measureaents vere recorded. At any time then, TSEA may differ
suhstantiallf from a representative surface teaperature. As a
precaution that <the Stanton nuabker, CT (equation 2.9), is not
too adversely affected, data used in the parameterization are
restricted to conditions with |TSEA-TZ| > 1.09C, even though the

£flux measurements may still be reliable.

rigure 35 is a plot of <wt> against U10 AT (AT=TSEA~T10),
for all 129 hours of unstadble temperature data, ind a regression
line (the average of <vt> against 010 AT and U110 AT against
<wtd) . The 23 hours of data from the veathership (plotted as
pluses) show considerable scatter, but no systematic departure

fros the tover results (triangles). The regression is
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<wt> = 0.00100 U110 AT + 0.0029 °Ca/s
103 CT10 = 1.00 + 2.9 (%°Ca/s) / (U010 AT) , (6.2)

with a correlation coefficient of 0.86. This 4is almost
identical to the formula given by Priehe and Schaitt, 1976, for
0< U010 AT <25 °Cm/s only. BRestricting the parameterization to
data with ([<wt>] >0.004°Cm/s, U100 >4.0 =w/s and |JaT|] >1°C
elininates low heat flux and saall U10 AT situnations, but a
positive heat flux is still predicted at U010 AT = 0, although
the value of 0.002 °Ca/s given by Priehe and Schmitt, whc used
sostly small heat flux data, is probably more realistic. The
additional dati at higher sensible heat fluxes indicate that a
single parameterization is acceptable froa U10 AT =0 to possibly
more than 100 °Cm/s. Again this result is in accord with the
BIO tower data of Smith, 1979, but the average coefficient is
much lowver than found by Saith and Banke (1975) from a limited

number of Sable Island measurements.

The sensible heat £flux time series from run D33C, figure
36, shows that seemingly very small Stanton numbers arise during
a rapid increase in air temperature, just after AT first goes
negative. Fortunately, Reynolds flux measurements (squares) are
also available over this period and their good agreement with
the dissipation method verifies the treatment of egquation 2.21%.
Temperature spectra f£froa the BReynolds flux recordings do not
display any evidence of salt contamination, so it is felt that
the <wt> values from this period are reasonably accurate.
However, it is possible that they are significantly 1less than

their surface values. The loss of sensible heat flux with
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height was discussed in s;ction 2.1 and if the 0.5°C/hour
heating vwere due solely to the vertical flux divergence, then a
40% loss in flux at 13m would be expected. Qualitatively the
low CTN values observed can be explained by speculating that
<wt> was measured above the "constant sensible heat flux" layer,
since if this were the case, the percentage of the 1loss should
decrease as the magnitude of the surface flux increases and no
loss should be evident after the peak temperature. However,
there is probably a great deal of heating due to horizontal
advection, which would mean 1less loss of flux with height.
There are other situations of rising temperature which do not
seem to be affected to such a great degree so rossibly the
measured <wtd's do not differ from the surface flux by as much
as the lov CTN's would suggest. Another possibility is that
TSEA at a depth of about 102 is not tracking the surface
temperature. In the 12 hours prior to run D33C there was very
little. vind and the air temperature was below -159C, giving a
huge AT of about 20°C. It appears as if the surface
temperature, TSFC, may have become much colder than TSEA during
this time, because as the air wvarmed and the wind increased,
presumably amixing <the unstable water column, TSEA actually
decreased from 3.9 to 3.59C. It is not impossible that the
surface heating produced by the later high air teamperatures was
prevented from mixing down to the sea temperature probe by the
then stable upper water column. In this situation TSEA could
become less than TSFC by enough to produce the observed behavior

of D33C and to upset the parameterization of the sensible heat

flux. There wvas only one other similar situvation at the tower
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and even lowver Stanton numbers veré calculated, but these data
vere rejected on the basis of abnormal temperature spectra.
Despite the preceding arguments, lower than average CT values
may occur in the circuastances described, but they are not
likely to occur over the open sea, so this period of D33C is not
included in the parameterization and analysis of the stable

sensible heat flux.

Figure 37 1is a plot of -<wt> against =010 (TSEA-T10) froa
131 hours of stable stratification with the suspect D33C results
plotted as crosses. The regressions of -=-<wt> against =010 AT
and ~010 AT against =<wt> for the 123 triangles have a

correlation coefficient of 0.93 and when averaged yield

<wt> = 0.00075 010 AT + 0.0020 °Ca/s
103 CT10 = 0.75 ¢ 2.0 (°Ca/s) / (U10 aT) , (6.3)

vhich is also plotted on figure 37. Again a positive heat flux
of about 0.002 °Ca/s at U AT=0 is indicated even though there is
no data with |0 ATiI< 5°Ca/s. Inclusion of the suspect D33C data
lessens the slope to about 0.06065. Priehe and Schamitt only
considered data with U AT> -159Ca/s and their suggested foraula
differs from 6.3 by only 10% at U AT = -15°Cn/s. There are only
a few data points beyond U AT= -359Cm/s that contribute to 6.3,
vhich, therefore, cannot be expected t¢to be representative of
more negatiie U AT's. The BIO ¢tover results (Saith, 1979)
contain more, large negative heat flux runs and suggest a larger
CT10 of about (.00083. llthoﬁgh the BIO regression differs froam
6.3 by about 13% at U AT = =100 °Ca/s, the data pcints overlap
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very well. A single parameterization of the sensible heat flux
in stable stratification should adequately describe all the

Reasurements, but it appears to differ from the unstable case.

It is felt that <the uncertainty in U010 AT is perhaps
greater than in <wt>, so band averaging is carried out over
bands of <wt> and the results are tabulated in table XII. The
band averages are.reasonahly vell described by 6.2 and 6.3 over
the entire range of measureaent, thus linear fits to the data of
figures 35 and 37 are appropriate. The ratio of the averages
gives a CT10 for each band and the unstable values are clearly
higher than the stable ones. The individual points are far too
few and scattered for any trends to be seen. TFor exanmple, the
103CT10 value of 1.21 in the 0.05 to 0.07 °Cm/s band, beccnes

1.08 if U10 AT is increased by only 1/2 a standard deviation.

Stability Effects

The stability dependence of the neutral Stanton number is
examined in figure 38, where CTN, -equation 2.12, is plotted

against Z/L. The so0lid lines represent the overall averages:

123 stable 103 CcTN = 0.69
129 unstable 03 Ccry = 1,08, (6.49)

about vhich the standard deviations are 0.16 and 0.36,
respectively. There is not a great deal of data on which <o
base definitive conclusions, but it appears as if CTN and Zot
are reasonadbly independent of 2Z/L in stadble and nunstable

PNy
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i Range of <vt>{4ive:age <utd> Ilverage g10AT i 103 CI1OT HUIbe;_}
{ °Ca/s { %1 standard | 1 standard | ratio ofj} of i
{ | deviation | deviation | averages] runs |
o + +~- + + .|
| 0.C9, 0.11 { <098 £.007 | 84.9 £30 ] 1.15 1 4 |
| | I | | |
- } +— + { 4
] €.07, 0.09 ] .C80 $£.007 | 79.0 216 ] 1.01 | 7 |
| ! l | | }
— } + 4 # 1
| 0.05, 0.07 ] .058 2.005 | 47.9 $16 i .21 ] 15 |
| i I 1 | |
F } + + -+ 4
} .03, 0.05 ] .038 2.007 | 35.5 £13 I 1.07 { 38 |
| | | [ 1 !
L 1 L. [l L |
L ] ] | L) 1 L
| 6.01, 0.03 { 023 £.005 | 22.0 $8.2 { 1.05 { S8 |
| | | | | [
[ - L L. R 1 1
| 1 ¥ ) L) ol
] C.006, 0.01 | .007 2.0C1 | 9.86 £1.7 1 0.71 1 7 |
| | | i | 1
e 4 L. 4 L d
v ) L 1 § LI u
) | | | | |
L 1 A " L d
] Ll L} L) 1 L |
} -.02, -.01 ] .01 2.003 | 22.4 8.4 ] 0.62 { 55 l
| | | | l |
[ [} i i . L 2
1 Ll T T L4 S
{ -.03, -.02 ] .025 £.003 | 34.0 26.0 { 0.74 1 19 |
| | | | i |
+ + + $ t |
] -.05, -.03 1] .035 | 50.3 ] ©0.70 ! 3 }
| | | | | |
— L ') N ] L A
¥ T L J L) L
| -.07, -.05 { .057 1 71.6 ] 0.80 ] 3 |
i ] | | | {
[ b L AL A ]
TABLE XII Parameterization of the sensible heat flux by band
averaging U AT over ranges of <wt>.
stratification separately. However, the discontinuity in the

mean CTN at Z/L=0, iaplies a dramatic change ian Zot. This

feature could be incorporated into the theory by relating Zot to

a paraseter that changes character abruptly at neutral

stability, bdut that othervise has very little stability

dependence as is indicated by <the relative constancy of the

[
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average CTN avay from 2/1L=0.

There is a great deal of scatter in figure 38 and it should
be reiterated that microbead contamination by salt particles
could only be checked at the few, sometimes infrequent, times
for which spectra vwere available from the Reynolds flux systea.
It is therefore possible that some contaminated data has escaped
notice and is responsible for some of the high CTN values at
Z2/1<0. Similarly, because temperature and humidity are
oppositely correlated in stable stratification, contaminated
data may be responsible for some low CTN's at Z/1 >0. The high
CT10 values following hour 40 of run D38B (figure 39) are gquite
likely a result of bead contamination, because a Reynclds flux
run at about hour 44 was rejected on the basis of a lack of low
frequency variance in the temperature spectrus and the run at

hour 41 was a borderline case.

¥ind Speed Effects

Equation 2.12 relates CTN to Zo, indicating that it should
increase with wind speed above 10 m/s, if Zot does not
counteract the increase in Zo. The situation may be complicated
by the observed dependency of Zot on Z/L, which correlates with
wind speed. The effect of wind speed on CTN is investigated for
the stable and unstable case in  tables XIII and IIV
respectively. In the stable case there is no indication of an
increase in CTN with wind speed. In fact above 10 m/s where CDN

begins to increase, there is a hint, albeit not significant,

that CTN decreases. In table XIV the aeans are scattered, but
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| S 1 ) L L | L R
] Wind speed | Number | Mean 103CTN { Minizum | Maximum |
| range (m/s) | of runs | 21 standard l | |
{ i i deviation ] 1 |
I 6 to 8 | 19 | 0.71 2 .18 | .63 [ 1.12 |
| | 1 i i |
t + } t +— 4
} 8 to 10 |} 39 | Ce73 2 .17 | 0.47 1 1.61 l
| | . | l i |
| t t } t |
i 10 to 12 | 25 1 0.65 =+ .14 | 0. 36 i 0.98 |
1 ! ! ! i '
! 12 to 1 | 26 | ©.69 £ .13 | 0,84 | 0.88 |
{ I ! | | |
I 14 to 18.2 ] 18 | 0.62 % .20 | 0.29 | 0.88 |
1 ! ! ! 1 )

TABLE XIII Averaged neutral Stanton number as a function of
vind speed in stable stratificaticn only.

again there seeas to be no obvious wind speed dependency.
However, nearly all of the data in table XIV above 18 au/s come
from CCGS Quadra, which did not really yield encugh data at the
lover wind speeds to fully intercompare the ship aand towver
results. There is a suggestion in table XIV that the uastable
CTN increases from U10 = 10 to 18 a/s. larger CTN values are
reported over shallow water by Francey and Garratt, 1978, who
£find an increase with vind speed given by 103CTN = 0.083 U110 +
C.48. The contention that CTN increases with U010 is apparently
supported by run D33C, figure 36, where the increase in 0Z froa
10 to 13 a/s (hours 7 to 10) is accompanied by a sharp rise in
CTN from about 1.0 to 1.4x10~3. The rise in CTN with winds
above 10 =n/s appears to be greatly perturbed by the traasition
t0 stable stratification and although.the folloving stable Jata

are suspect, the rise seeams ¢to subsequently continue. ¥No
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; Wind speed T'Number 4{ Mean 103CTN i Minimum I Maximsum ]
| range (m/s) | of runs | 1 standard | i |
| | { deviation i 1} f
L. L y L 'l J— |
| e Ll LY L L ]
] 5.5 to 8 | 32 } 1.13 £ .47 } 0.56 ] 2.28 [
) | 1 | 1 |
[ & L [ i ' ']
) St n L] Ll L L ]
| 8 to 10 | 29 | 0.94 =+ .28 | 0.54 { 1.47 |
| [ [ | | |
+— + —t —+t +— 1
] 10 to 12 | 25 | 1.06 + .34 | 0.64 | 2.21 |
i i | | i |
L L 4L 1 Y d
| Eamm— T R B v v
{ 12 to 14 | 1 { 1.13 % .24 | 0.71 1 1.38 {
| | | | | |
& A 'l L I ]
! I & L4 L] L L
{ W to 18 | 13 | 1.31 ¢ .24 | 0.43 | 2.01 |
| | | | | |
L L 4 Il ) [
! Ll L o Ll .
] 18 o 22 | 13 ] .14+ .28 | 0.78 | 1.76 |
1 | l | | l
+— + —t -+ +— 1
| 22 to 26 | 6 | 0.90 % .06 | 0.85 I 0.99 |
| | | | | |
L '] 1 1 2 — |
TABLE XIV Averaged neutral Stanton number as a functiocn of

wind speed in unstable stratification oaly.

definite conclusion is possible because of the lack of data amnd .

the strong influence of stability. For example, if the suspect
D33C dJdata were included in the 14 to 18.2 m/s range of table
XIII, the band average would decrease giving ; smaller CTN at
the highest speed, even though these additicnal CIN's increase

with wind speed.

These results do not, therefore, rule out ¢the possibility
that CTN follows the wind speed dependency of Zo. However,
because this trend is not supported by the (Quadra results,
because of the limited amount of data, some of vhich is possibly
contaminated (run D38B), and because the stability effects are

not £fully understood, the neuatral Stanton number is not
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formulated as a function of wind speed. It is an interesting
observation that, on average, CTN for Z/1<0, 0.00108, is very
nearly egual to CDN for 8.0< U10 <10 a/s, 0.00114, implying Zo¥
Zot¥ (0.0058 cm. It is possible that Zot remains constant above
10 =m/s with CTN increasing due.to Zo. If this is true, CTXN
could be obtained from an experimentally determined Zot and a Zo

given from a CDN foramulation, using equation 2.12.

Hethod comparison

The bulk estimates of the sensible heat flux shown by the
solid 1lines of figures 36 and 39, are calculated from the
stability dependent CTN given by 6.4. As outlined im section
2.3, the neutral Stanton number is coaverted to a CT at the
measuresent height, wind speed and stability. The error in bulk
estimates found from <wt> = CT UZ AT, equation 2.9, is about 2%
from UZ, perhaps 10% from CTN and oaly 5% from Z/L, because the
bulk stability estimate is alwvays availatle. In addition
considerable error is introduced ihrough AT, vhich may sometimes
be in error by 0.59C. Even with a large AT of 5°C, the error is
10%, making the bulk sensible heat £flux calculations more
uncertain than <those of the momentum flux. With a 1large
possible error and problems with the data, it is difficult to
compare the bulk and dissipation estimates in the time series.
The Reynolds flux calculations (squares) lend credibility to the
dissipation estina tes (pluses), because of <the generally
excellent agreement betveen the tvo methods. Figure 39 shows
the sensible bheat flux time series from run D38B and (like the

sosentus flux of figure 34) the bulk, eddy correlation and the

. Avsi .
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dissipation estimates of the sensible heat flux continue to
agree for a considerable length of time. Oon the whbole the
sensible heat flux parameterization is compatible with the
results of Friehe and Schﬁitt, 1976, and Saith, 1979, so a
combination of all available data should give a cpu formulation
capable of providing reasonable averages (over a few days or
more) of sensible heat flux values, depending on the accuracy of
AT. However, as with the zomentum flux, there may be short
lived situations, as possibly se;n in D33c, vhere a
paraseterization, valid for 1lomg term averages, does »not
strictly apply. It is also possible that erronous AT values are
causing the difference between the bulk and dissipation
calculations betwveen bhours 2 and'10 of D33C, figure 36 and, as

has been discussed, between hours 12 and 28.
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CHAPTER 7 SUMMARY AND CONCLUSION

In

The experimental progran described in this thesis
stuccessfully measured the momentum and sensible heat fluxes over
the sea at winds between 4 and 26 m/s. As hoped, a great many
hours of moﬁentum flux data were suitable for amalysis, but much
less sensible heat flux and no moisture flux data were found to
be reliable. Success depended chiefly on the performance cf the
sensors and on the establishment of the dissipation method as a
viable means of measuring the fluxes of momentum and sensible

heat.

The velocity sensor worked very well, Lut there were some
problems with the temperature measurements and no humidity
sensor vwas found to be suitable for remcte oferation inm a
salt-air environment. The Gill twin propeller-vane anemometer
operated for periods of more than a month in adverse conditions
vwithout servicing. It provided the fluctuating horizontal and
vertical velocities to the Reynolds flux system and responded to
the lower frequencies of the downstream velocity spectrum's -5/3
region sufficiently for the molecular dissipation to be
inferred, although the propeller responses first had to Dbe
determined. The distance constant was found to depend om the
type and.weight of propeller, the wind speed and the angle of
attack. The humidity sensitivity of salt contaminated
microbeads was recognized by the lack of lcw frequency variance
in the temperature specttum, but only sometimes were other

characteristics, such as the absence of a -5/3 region, observed.

o e e e
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This behavior remains a major problem with the remote operation
of this ¢type of sensor. The response of the microbeads seemed
to be limited by its protective enclosure and was described by a
distance constant of about 0.90m, which i§ adeguate for both the

Reynolds flux and dissipation methods.

Reynolds flux measurements from the Bedford tower were
shovn to be realistic by comparisons with spectra, cospectra and
turbulence statistics from previous studies. 1In addition, the
drag coefficients and Stanton numbers were gemerally coamparable
to the results of Smith, 1979, however there is probably a bias
to small drag coefficients at low wind speeds as a result of the
Reynolds flux sanmpling. ' Universal shapes for the velocity
spectra and cospectra in both the stable and unstatle cases,
vere found from averages over the 196 momentum flux runs. With
only 60 temperature <runs available, there was considerable
uncertainty in the normalized teaperature spectrua and w,t
cospectrun. The integration of all cospectra began at n=0.004,
then the unstable and stable $uw (f) and the unstable and stable
$ut (f) integrals were multiplied by 1.06, 1.005, 1.10 and 1.04,
respectively, in order to account for the lovwer frequencies.
This method ;as found to preserve covariance, on average, and to

‘reduce the scatter in eddy correlation measurements caused by

the uncertain lov frequency coantributions to the fluxes.
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Reliable Reynolds flux estimates vere needed for comparison
with simultaneous dissipation calculations and the dissipation
method was shown to give essentially the same results, on
average. The agreement between the tvwo methods was found to be
best when the magnitude of the fluxes was large. In all but the
most stable stratification (Z/1>0.05), u*DISS1, the neutral
dissipation method, which does not require am explicit stakility
parameter, was found to be in quite good agreement (to within
about 20%) with eddy correlation values of u*. The agreement
betveen the two techniques improved, particularly the sensible
heat flux calculations, wvhen the stability modification of the
logaritheic profiles and the buoyant production were
incorporated into the dissipation method (u*pIss2 and
<wt>DISS2). These corrections involved the stability parameter,
for which a bulk estimate Z/L(AT) was shown to be a reasonable

approximation, on average. A linear regression gave
u*DISS = 0.96 u*FLOX ¢ 0.025 m/s ,

vhere the positive offset results from a tendency for <uw>DISS
to ke greater than <uw>FLUX by more than 30%, in the most stable
runs (2/1>0.10). In near neutral conditions (-0.45 <Z/L< 0.05)
at all wind speeds the @momentuam flux calculations agreed to
wvithin 4%, on average. The agreement betveen the sensible heat

flux calculations was very good, with a regression giving

<wt>DISS = 1.04 <wt>FLUIX.
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The Bedford tower experiment established that reliable
dissipation estinmates of both the nmomentum and sensible heat
fluxes and the bulk estimates of Z/L could be obtained'£:0l the
CCGS (Quadra. A favourable coaparison of ship and tover
dissipation drag coefficients showed the Bedford tower to be
essentially an open ocean site, which allowed the combined 1591
hours of @wsomeatum flux and 260 hours of sensible heat £flux

measurements to be considered as a single open ocean data set.

The dissipation data showed the neutral drag coefficient to

depend on wind speed, as approximated by

103CDN = 1. 14 3<010< 10 a/s
103CDN = 0.49 + 0.065 010 10 < U010 < 26 a/s.

Below 10 m/s the variability of CDN with wind speed, fetch, and
stability was minimal, < 5% on average. Time series of
calculated CDN's displayed about a 10% random fluctuwation. Bulk
estimates of the momentum flux were obtained from <the above
forsulation by: <first, shifting the measured wind speed to 10m
vith an iterative technigu? involving CDN; second, c¢alculating
CDN; third, shifting CDN to CD (the drag coefficient at the
measureaent height, 2, wind speed, UZ, and statility 2/L(AT) ):
fourth, applying the bulk aerodynamic formula -<uwd> = CD U0z2,
It vas shown that the neglect of Z/L would produce a minor error
in the calculated U10 and CDN, but that the CD found in step 3
could be affected by as much as 20%. Bovever this error vas
reduced to S% by using the bulk stability estisate. Errors in
the CDN fornmulation, 0UZ and Z,/L could add up to 15% in the bulk

j

i~y
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estimates, vhich vere seen to give a good measure of the
momentum flux averaged over a few days or more and a good hourly
average vwhen the wind vas steady. Over periods of up to a day,
the bulk and dissipation calculations were seen to consistently
differ by as much as 30%. These discrepancies were found to be
associated with varying winds, with the dissipation estimate
being smaller on the rising wind and larger on the falling wind
or after a change in wind direction. The conclusion drawn vas
that the surface roughness and hence drag coefficient depend on
surface parameters which are a product of both past and present

winds.

A constant neutral 10m drag coefficient was found to be an
adequate description of almost all recent measurements over déep
water, throughout the wind speed range, 4 to 10 m/s. The value
of the constant varied from about 1.1x10-3 tc¢ 1.3x10-3. This
behavior has been found by the eddy correlation, dissipation and
profile methods, but measurements from onshore or shallow iater
sites often displayed a distinctly different wind speed
dependency. A reasonable compromise over the open ocean would
be +to use 103CDN = 1.2 in the bulk aerodynamic method for winds
up to 11 m/s. At U10 = 11 m/s, the high wind speed regression
of <this study, 103CDN = 0.49 + 0.065 010 £ 1.2 . Since this
regression fits the only other large set of open sea high wind
speed data (Smnith, 1979), it should give satisfactory CDN's at

the higher wind speeds (to at least 26 u/s).
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It vas necessary to parameterize the sensible heat flux

differently in stable and unstable stratification. The majority

of the data vere in the ranges -80 <010 AT<C 60°Ca/s, -0.3 <2/L<

0.1 and 6 <U10< 18 m/s, for wvhich either
10¥we> = 1,00 010 aT ¢+ 2.9 °Ca/s stable

103<wt> = 0.75 010 AT ¢+ 2.0 °Cm/s unstable

1.08 unstable
0.68 , stable

described the results. More measurements of CTN vere needed in
order to confirm or deny a wind speed dependency, which vas
suggested by some of the data. Bulk estimates of the sensible
heat flux were obtained with <wt> = CT UZ AT, wvhere CT vas found
froms 2/L, CDN, CD and the stability dependent CTN. The errors
vere comparable to those of the bulk nmomentum flux estimates,
except for <the uncertainty in aT, wvhich could bhave added
considerable error depending on its magnitude. It wvas noted
that all available data are reasonably comsistent, making a good

parameterization of the semsible heat flux feasible.
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APPENDIX THE INTEBRCOMPARISON RESULTS

+

:7 Ll L T L T T
RUN TIME DATE 02 (M/S) TZ TSFC 7Z/L u#* (m/s) 10<ut>
GMT 1976 o°True °c °Ca/s
PLUX DISS PLUX DISS

-

4
L4

L

T T T T
232 16.8 17.5 -.12 0.1S7 0.193
240 16.6 17.5 =-.13 0.173 0.171 0.038 0.043
243 16.6 17.5 -.16 0.158 0.166 0.042 0.036
236 16.3 17.5 =.17 0.197 0.167 0.051 0.031
235 16.3 17.5 -.18 0.195 0.177 0.042 0.030
238 17.1 17.5 ~-.09 0.176 0.224
232 17.2 17.5 -.05 0.229 0.2484
233 17.1 16.7 0.00 0.185 0.215
233 17.2 16.7 0.01 0.179 CG.211
228 17.1 16.7 -.01 0.192 0.207
236 17.0 16.7 -.01 0.187 0.217
167 16.7 16.3 -.01 0.227 0.250
199 17.4 16.0 0.09 0.164 0.170 ~-.022 -.,034
214 17.3 16.0 0.07 0.190 0.192 -.022 -.028
209 16.9 16.C 0.02 0.2.7 0.235 ~.003 =-.017
213 16.9 16.1 0.02 0,296 0.291 -.011 -.015
212 17.0 16.2 0.01 0.349 0.326 ~.014 -.019
217 16.9 16.6 -.01 0,324 0.286 0.010 -.030
226 16.8 1€.8 ~.03 0.287 0.270 0.021 -.043
230 16.6 16.8 -.04 0.326 0.285 0.058 0.062
234 16.3 16.9 -.06 0.266 0.272 0.063 0.081
231 16.2 16.8 -.09 0.282 0.234 0.056 0.075
236 16.2 16.8 -.10 0.220 0.229 0.040 0.063
238 16.2 16.8 =-.10 0.200 0.2487 0.024 0.060
233 16.2 16.7 -.08 0.220 0.238 0.032 0.058
238 15.7 16.4 -.08 0.240 0.229 0.054 0.058
250 15.3 16.3 =-.11 0.221 0.228 0.048 0.058
244 4.8 16.3 -.18 0.202 0.213 0.054 0.057
220 16.7 16.3 €.00 0.219 0.204
220 16.8 16.4 -.00 0.187 0.191
221 16.3 16.4 -.03 0.244 0.239
220 16.8 16.6 -.02 0,240 0.235
220 17.3 16.7 0.01 0,168 0.180
201 17.1 16.8 -.01 0.246 0.267

T1 17:00 17/
T2 18:00 17/
T3 19:00 17/
T4 20:C0 17/
TS 21:00 17/
T6 3:00 18/
T7 4:00 18/
T8 5:00 18/
T9 0:00 19/
T10 1:00 19/
T11 2:00 19/
T12 3:C0 19/
T13 14:00 19/
T14 18:0C 19/
15 19:00 19/
T16 20:0C 19/
T17 21:00 19/
T18 22:00 19/
T19 23:00 19/
T20¢ 0:00 20/
T21 1:00 20/
T22 2:0C 20/
T23 3:00 20/
T24 4:C0 20/
T25 5:00 20/
T2€ 6:CC 20/
T27 7:00 20/
T28 8:00 20/
T29 9:00 20/
T3C 14:C0 20/
T31 15:00 20/
T32 16:00 20/
T33 17:00 20/
T34 18:00 20/
T35 5:00 21/

VNSO

N DOUNO AN ENWNNONVNOVWNOAEFEFOANDWANUNOEVMENODONADWNOWWLFEE

-h

NUNOOAYGINNVNAOANNNDODOVODOVOVORARNNONDRN
.

o 0 9 8 o9 06 o b 4 ¢

VOVVYOVVOUYVOVOOVOYPYOVOVOVOVOVVVVLYOVOVOVLVVVYYVOVOVOVIOVVYYVLOVVOLOLY

T36 6:00 21/ 6.8 204 17.3 16.9 -.00 0.222 0.242
T37 7:00 21/ 7.5 198 17.4 16.9 0.01 0.242 0.264
T38 8:00 21/ 8.7 197 17.5 17.0 0.0C 0.267 0.290
T39 9:00 21/ 8.3 193 17.6 17.1 0.00 0.258 0.270
T80 10:C0 21/ 8.2 190 17.9 17.2 0.01 0.290 0.267
T4t 11:00 21/ 8.4 182 18.0 17.2 0.02 0.259 0.273
T42 12:00 21/ 9.1 178 18.3 17.2 0.04 0.238 0.253
T43 13:00 21/ 8.6 182 18.4 17.2 0.04 0.263 0.277
T44 14:00 21/ 8.6 180 18.4 17.3 0.03.0.278 0.285
T4S 15:00 21/ 9.0 183 18,6 17.4 0.04 0.295 0.302
T46 16:00 21/ 9.5 183 19.0 17.4 ©€.05 0.302 0.317
™87 19:02 23/ 9.9 231 16.4 16.9 -.04 0.362 0.298
T48 20:C0 23/ 10.1 230 16.6 16.9 -.03 0.335 0.318
T49 23:00 23/ 11.7 224 16.1 17.0 -.04 0.359 0.359

]
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¢« 0

L L | Ly Ll L) Ll
RON TIME DATE 0Z ©°TRUE TZ TSFC 2Z/L u* (m/s) 10<ut>
GMT 1976 FLUX DISS FLUX DISS

[ - i
LS

-

L L B L
i 50 2:00 24/

f TS1 5:00 24/
T€2 11:00. 24/
753 13:16 24/
TS4 14:32 24/
755 20:12 24/
TS€ 11:00 27/
757 12:11 27/
T58 13:38 27/
T59 15:42 27/
T60 16:36 27/
61 20: 14 27/
T62 23:00 27/
T63 11:00 28/
T64 12:48 28/
T65 23:00 28/
T66 5:0C 29/
T67 17:00 29/
T68 18:06 29/
T69 19:48 29/
3 T7C 23:00 29/
T71 2:00 30/

-+

Ly L Ll L]
9 228 15.5 17.0 -.06 0.396 0.367
2 229 15.6 16.5 -.06 0.356 0.326
6 215 16.1 16.3 -.03 0.321 0.298
8 211 16.4 16.4 -.02 0.340 0.302
3 208 16.7 16.6 -.01 0.303 0.311
2 210 16.2 15.9 -.01 0.231 0.247
1.4 162 14.7 16.9 -.06 0.394 0.349
12.1 162 15.0 15.9 -.04 0.458 0.365
13.5 166 15.8 15.8 =-.01 0.442 0.438
11.5 167 16.8 15.2 0.03 0.448 0.368
1.1 194 16.6 14.5 0.05 0.338 0.360 —-.146 -.160
15.2 210 16.7 14.2 0.04 0.585 0.529 -.302 -.257
228 15.8 14.1 0.04 ©.331 0.352 -.121 -. 144
9.8 11 10.9 14.7 -.19 0.300 0.308 0.236 0.250
8.5 10 10.4 15.1 -.29 0.253 0.264 0.233 0.260
12.0 311 10.8 14.0 -.12 0.379 0.413 0.284 0.352
8.9 333 8.5 14.7 =-.35 0.339 0.298 0.388 0.413
10.0 230 12.4 16.0 -.16 0.341 0.321 0.324 0.294
11.0 232 12.8 15.5 -.11 0.370 0.352
10.2 226 13.3 14.3 ~-.06 0.356 0.321
11.8 222 13.9 13.7 =-.01 0.392 0.410
13.6 236 14.1 13.2 0.01 0.420 0.437
T72 5:00 30/ 10.1 243 13.4 12.8 0.01 0.352 0.329
! T73 11:30 30/ 8.3 239 12.4 13.1 -.07 0.270 0.256 0.059 0.075
T74 2:23 10710 13.9 194 18.8 16.2 0.04 0.523 0.496 -.276 -.246
75 S5:23 10/10 17.1 191 19.4 16.3 0.04 0.638 0.670 -.368 -.374
T76 8:23 10/10C 12.7 224 16.5 16.2 =.00 0.476 0.470 -.055 -.064
T77 11:23 10,10 15.8 223 17.1 16.2 0.01 0.660 0.580 -.043 -.067
T78 12:53 10/10 17.5 232 16.6 16.1 0.00 0.714 0.682
T79 14:01 10/10 17.8 234 15.6 16.0 -.01 0.762 0.676
T80 17:23 10/10 19.2 238 13.8 15.1 -.02 0.786 0.755
T81 20:23 10/10 16.6 254 12.2 14.2 -.04 0.6481 0.624
T82 22:23 10/10 14.0 268 11.5 13.6 -.05 0.523 0.504
T83 23:23 10/10 13.6 271 11.1 13.3 ~-.06 0.442 0.495
T84 2:23 11/10 12.3 265 10.1 12.4 ~.07 0.396 0.417
T85 5:23 11/10 10.5 269 9.2 12.5 -.14 0.401 0.373
T86 16:01 14,10 7.7 177 13.3 7.7 0.30 0.173 0.203 ~.027 -.052
187 17:17 14/10 10.2 174 13.6 8.3 0.18 0.318 0.297 -.112 -.105
T88 18:35 14/10 11.4 179 13.2 10.2 0.08 0.355 0.376 -.162 -.158
T89 20:17 14/10 6.3 282 12.1 10.7 0.09 0.224 0.237
T90 8:23 15/10 16.1 259 7.6 10.5 =.05 0.625
T91 11:23 15,10 15,7 263 7.9 10.1 ~-.04 0.692
T92 12:29 15/10 4.4 263 7.7 9.7 -.05 0.515
T93 14:23 15/10 14.6 259 8.2 9.3 -.03 0.559
T94 17:23 15/10 13.7 259 10.5 9.0 0.02 0.546 0.491
T95 19:00 15,10 13.2 260 11.4 8.8 0.04 0.535 0.496 ~-.186 ~-,187
5.7
5.4
4.6

VOWODLOOVOWVODOVOYVOVDOVOOVOYWOOVOWOY POV
oy
(=]
.
~

T96 2:10 27/11 12.4 199 7.9 0.04 0.496 C.441 -, 181 -, 168
T97 2:10 28/11 11.3 215 8.1 0.07 0.377 0.416 -.173 -.229
T98 0:00 3/12 11.7 123 5.4 0.02 0.393 0.411 -.052 -.059

L LN L} L LB L Ly R




\D~ADB1 392 BRITISH COLUMBIA UNIV VANCOUVER INST OF OCEANOGRAPHY F/6 8/2
THE TURBULENT FLUXES OF MOMENTUM AND SENSIBLE HEAT OVER THE OPE==ETC(U)
AUS 79 ¥ 6 LARGE NOOO14=76~C=0046

INCLASSIFIED wi




o

N
N

o

N
w

il
o

(i

HE2s flis pis

¢

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STA@DARDS-I963~,’*
. N . ‘]

‘
ooy
;,".; -
L




[ -

179

GMT

L. L
RUN TIME

DATE UZ OTRUE TZ TSPC 2/L u#* (a/s)
PLOX DISS FLUX DISS

1976

-

10<ut>

L

T99
T100
T101
T102
T103
T104
T10S
T106
T107
T108
T109
T110
11
T112
T113

v T114
T115
T116
T117
T118
T119
T120
T121
T122
T123
T124
T125

1 T126

T127

: T128

T129
T30

T131

T132

T133

T134

T135

T136

T137

T138
. T139
T140
T141
T182
TI43
T84
] T145
T146
T187

[ -

6:00
9: 00
12:00
15:¢€0
18:00
21:00
0:00
3:00
6:00
9:00
12:00
15:00
15:00
18: 00
21:00
0:00
3:00
6:00
18:00
21:00
0:00
3:00
6:00
9:00
2:00
8:00
11:00
14:00
17:00
20:C0
23:00
14:00
5:00
8:00
23:00
2:00
5:00
8:00
11:00

0:48
9:48
12:08
15: 48
18:48
21: 48
0:488
3:48
6:48
9:48

3/12
3,12
3712
3/12
3712
3/12
8/12
412
8712
4,12
8/12
4,12
7712
7712
7/12
8/12
8/12
8,12
9/12
9,12
10,12
10712
10/12
1012
11712
11712
11,712
11,712
11712
11712
11/12
12712
14/12
14/12
14/12
15,12
15712
15/12
15712
1977

13/ 3
177 3
17/ 3
17/ 3
177 3
17/ 3
18/ 3
18/ 3
18/ 3
18/ 3

12. 8
17.9
18.6
18.5
16.9
15.0
16. 8
19.3
15.9
16.0
14. 4
10.7
1.7
18.6
17. 1
18.6
18.9
13.3
14. 6
18.3
17. 1
15.6
16.9
13.5
10.5
12. 4
15.3
16.0
17. 2
16.0
1.9
12.6
14.2
4.6
13.2
18.2
17.5
15.9
15.6

10.6
10. 4
11.2
1.0
12. 6
12.8
12. 6
10.5
1.3
1.7

216
250
264
274
278
270
267
269
266
261
264
261
169
139
143
153
159
170
300
302
302
292
289
278
211
220
230
231
291
290
308
201
3
312
218
220
219
213
231

233
236
240
238
259
270
278
280
271
270

6.9
3.1
-205
-907
-1 1.
‘12-
-‘10
-9.6
-10.
-8.9
-7.8
-5.8
2.5
4.1
5.8
7.6
7.8
7.9
-1 ’o
-14.
‘17.
-17.
"15-
- 1“.
S.2
S.9
6.3
6.5
8
-1.0

-b
e

U
- N
.« 8
o O

-14.

iyt
N~
[ IR - .
.

Quabud=mas NSW

-1te

]
-
.

U
o
NEesEOVWWOULOADY SOWVNO
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180
RON TIME DATE UZ °TRUE TZ TSPC 2/L u* (m/s) 10<ut>
GHT 1977 PLOX DISS FLUX DISS

[ W L

Ti148 12:48 18/ 3 11.5 282 -1.7 0.2 =-.06 0.4805 0.421

T149 15:48 18/ 3 12.7 254 0.4 0.3 -.00 0.398 0.444

T150 .6:48 19/ 3 17.3 61 -1.0 0.3 -.02 0.654 0.685

T151 9:48 19/ 3 12.8 16 -1.7 0.2 -.05 0.458 (.488

T152 12:48 19/ 3 16.4 347 -2.8 0.2 -.05 0.646 0.645

T153 15:48 19/ 3 17.6 325 -2.9 0.3 -.05 0.685 0.708

T154 18:48 19/ 3 14,1 323 -2,8 0.3 -.08 0.469 0.530

T155 O:u48 20/ 3 10.7 296 -1.9 0.2 -.08 0.347 0.405

T156 2t:48 24/ 3 12.3 358 -0.7 0.1 -.03 0.369 0.425

T157 O0:48 25/ 3 12.2 356 =-1.1 =0.1 -,03 0.359 0.415

T158 3:48 25/ 3 11.3 357 -0.9 -0.2 -.03 0.321 0.369

T160 12:48 25/ 3 10.3 3 0.3 -0.2 0.01 0.290 0.329 i,
T161 15:48 25/ 3 10.6 359 1.5 -0.2 0.05 0.310 0.342 ‘
T162 18:48 25/ 3 10.5 358 2.2 0.0 0.07 0.276 0.341 i
T163 21:48 25/ 3 10.4 356 0.9 0.0 0.03 0.312 0.368 4
T164 3:48 26/ 3 0.7 353 0.1 0.0 -.00 0.303 0.352 ‘
T165 6:48 26/ 3 10.5 350 0.1 0.0 0,00 0.259 0.333

T166 9:48 26/ 3 10.3 353 0.5 0.0 0.01 0.267 0.333

T167 12:48 26/ 3 11.4 352 1.3 0.0 0.04 0.328 0.369 ¥
T168 15:48 26/ 3 10.6 351 0.9 0.0 0.02 0.323 0.365 i
T169 18:48 26/ 3 12.2 17 1.4 0.0 0.03 0.388 0.424 '3
T170 21:48 26/ 3 12.3 18 1.0 0.0 0.02 0.395 0.421 i
T177 3:48 27/ 3 10.8 10 1.4 0.0 0.04 0.341 0.371 ’
T172 12:48 27/ 3 11.3 4 1.6 0.0 0.04 0.315 0.370 i
T173 15:48 27/ 3 10.4 17 2.4 0.0 0.07 0.313 0.350 it
T174 18:48 27/ 3 10.9 3 3.5 0.0 0.10 0.266 0.335 |
T175 21:48 27/ 3 8.0 1 2.7 0.0 0.13 0.235 0.287 i1
T176 21:48 29/ 3 8.6 172 2.2 0.0 0.10 0.232 0.298 i
T177 18:48 31/ 3 11.5 168 3.0 0.0 0.08 0.367 0.413 :
T178 21:48 31/ 3 7.8 204 3.1 0.0 0.16 0.200 0.242 5
T17S 12:48 3/ &4 12.6 147 0.6 0.0 0.01 0.451 0.428 !
T180 15:48 3/ &4 14.2 125 1.2 0.0 0.02 0.562 0.531 4
T181 18:48 3/ 4 11.4 170 3.1 0.0 0.09 0.407 0.445 1
T182 3:48 4/ 4 19.1 288 1.8 0.0 0.02 0.626 0.762

T183 6:48 4/ &4 18.0 300 -0.3 0.0 -.01 0.684 0.723

T84 9:848 4/ 4 16.2 313 -1.4 0.0 -.03 0.610 0.628

T185 12:48 4/ &4 15.2 311 -0.7 0.0 =.01 0.511 0.566 ]
T186 15:48 4/ &4 13.5 315 0.4 0.0 0.01 0.462 0.519 P
T187 18:48 4,/ 4 10.8 321 1.7 0.0 0.05 0.311 0.388

T188 21:48 4,/ &4 10.9 311 t.8 0.0 0.05 0.316 0.374

T189 3:48 6/ 4 15.1 189 6.0 ¢©.0 0.09 0.566 0.573 _
T190 6:48 6/ 4 13.0 209 4.7 0.0 0.11 0.482 0.471 14
T191 9:48 6/ 4 10.7 223 1.3 0.0 0.04 0.346 0.399 |
7192 12:48 6/ & 12.4 224 1.3 0.0 0.03 0.466 0.460 {
T193 15:48 6/ & 12.4 220 1.2 0.0 0.02 0.460 0.448 !
T194 18:48 6/ & 18.5 223 1.9 0.0 0.03 0.5485 0.540

T19S 21:48 6/ 4 13.2 223 1.5 0.0 0.03 0.461% C.494

T196 0:48 7/ & 11.6 217 0.9 0.0 0.02 0.406 0.427
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